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Abstract
This thesis is largely devoted to solid-state NMR (SSNMR) studies of insensitive
nuclei, which are challenging to study via conventional NMR experiments due to their low
natural abundances, low gyromagnetic ratios, and/or anisotropically broadened powder
patterns. SSNMR experiments on insensitive nuclei such as 195Pt, 89Y, 65Cu, 35Cl, and 14N
hold much promise for elucidation of structure and bonding within inorganic and
organometallic systems. Herein, I describe the use of novel NMR pulse sequences and
acquisition methodologies, in combination with X-ray diffraction (XRD) techniques and
quantum chemical calcuations of NMR interaction tensors, for this purpose.
This thesis begins with a brief introduction to NMR, followed by a proof-of-concept
multinuclear (195Pt, 14N, 35Cl) study on cisplatin and several related square-planar Pt(II)
species. This work is extended to the structural determination of Magnus' Pink Salt, in
conjunction with refinements of powder XRD data and ab initio calculations. Two further
applications of

195

Pt solid-state NMR follow: determination of Pt oxidation state and

coordination with hexadentate ligands, and investigation of Pt vapochromism in the
Pt(bpy)CN2 system. NMR experiments involving insensitive 89Y nuclei, in conjunction with
19

F NMR and powder XRD data, are applied for the structural elucidation of

(H3O)Y3F10•xH2O nanoparticles. Lastly, the use of 65Cu and 31P SSNMR for investigation of
a series of bis(triphenylphosphine) copper(I) complexes is described. A wide variety of
materials may be characterized using information derived from SSNMR experiments on
insensitive nuclei, in concert with a combination of complementary techniques.
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Chapter 1 - Introduction to Nuclear Magnetic Resonance
1.1 - Phenomenon of Nuclear Magnetic Resonance
A majority of the isotopes in the periodic table have a nuclear spin. Generally, in
order to possess nuclear spin, a nucleus must be composed of an odd number of either
protons or neutrons. Nuclear spin arises from the intrinsic non-zero spin angular momentum
of the nucleus and is associated with a nuclear spin quantum number, I. A direct
consequence of nuclear spin is the nuclear spin magnetic moment (µ), which is formulated
as the product of the vector representation of the total nuclear spin angular momentum (I)
with the gyromagnetic ratio of the nucleus (γ):
µ ' γћI

(1)

where ћ is Planck's constant (h) divided by 2π. The gyromagnetic ratio is unique to each
nucleus and is related to the charge (e) and mass (m) of a proton, and the nuclear g-factor:

γ '

e
g
2m

(2)

The nuclear g-factor is unique for each nuclear isotope.
A nucleus possessing a spin magnetic moment can interact with magnetic fields
originating from sources related to atomic surroundings (e.g., chemical bonds) or external
environment (e.g., the Earth's magnetic field). NMR spectroscopy relies on a large external
static applied magnetic field (B0). The nuclear spin magnetic moment of an NMR-active
nucleus will precess about an external magnetic field B0, at a rate which depends upon both

1

γ and the magnitude of B0:
ω0 ' &γB0

(3)

where ω0 is known as the Larmor frequency. The Larmor frequency typically ranges from
1-1000 MHz on conventional NMR spectrometers. The NMR experiment also involves the
application of one or several electrical radiofrequency (rf) pulses which oscillate, or resonate,
at or near the Larmor frequency.

1.2 - Overview of NMR Interactions
The NMR phenomenon is dependent primarily upon the external static magnetic field,
B0, smaller oscillating applied fields (e.g., B1), as well as numerous sample-dependent
perturbations. The total Hamiltonian describing the NMR interaction for diamagnetic
samples can be written as:1-4

,̂NMR ' ,̂Z % ,̂rf % ,̂D % ,̂Q % ,̂J % ,̂MS

(4)

where the Hamiltonian subscripts Z, rf, D, Q, J, and MS represent the Zeeman, radio
frequency, dipolar coupling, quadrupolar, J-coupling, and magnetic shielding interactions,
respectively. The Zeeman and rf interactions can be classified as external interactions, since
they arise from external applied magnetic fields. The remaining interactions are internal
interactions which originate from within the sample. The discussion that follows attempts
to briefly summarize these interactions; the reader is referred to other, more comprehensive,
sources for additional information.1-9
2

1.3 - Zeeman Interaction
The Zeeman interaction describes the interaction of an NMR-active nucleus with an
external magnetic field B0, normally generated via a superconducting magnet. The Zeeman
interaction can be described in quantum mechanical terms through its Hamiltonian:1,6

,̂Z ' &γћIZB0 ' ω0ћIZ

(5)

Upon the application of B0, the axis of quantization is defined and directed along the +z-axis
of the laboratory frame (we are using a right-handed xyz coordinate system). In equation (5),
IZ is the projection of the nuclear spin angular momentum I along the z-axis, in either the
same or opposite direction of B0. The magnitude of the energy of the Zeeman interaction is
normally much larger than all of the other NMR interactions; as a result, they are often
treated as perturbations on the Zeeman interaction. This assumption is known as the high
field approximation.
In the absence of B0, all nuclear spin states possess the same amount of energy and
are therefore degenerate. When the nucleus is introduced to B0, the degeneracy of its spin
states is broken and split into (2I + 1) possible energy levels (Figure 1.1). These energy
levels correspond to all possible magnetic quantum numbers, mI, for spin I. For simplicity,
we will consider a spin-1/2 nucleus with two possible eigenstates: mI = +1/2 (α, spin-up) and
mI = -1/2 (β, spin-down). These states are separated by an energy difference which is directly
proportional to the Larmor frequency:1,7
ΔE ' γћB0 ' &ћω0
3

(6)

NMR experiments are not conducted on a single nucleus; rather, they are performed
upon a sample which contains a large ensemble of nuclear spins. At thermodynamic
equilibrium, the non-degenerate energy levels (i.e., α and β) are not populated in equal
amounts, as described by the Boltzmann distribution of an ensemble of N spins:7,10
Nβ
Nα

' e &ΔE/kT ' e

ћω0/kT

(7)

where Nβ is the population of the higher level energy state, Nα is the population of the lower
level energy state, k is the Boltzmann constant, and T is the temperature in Kelvin. The
Boltzmann distribution predicts that higher-energy states are less populated than
lower-energy spin states at thermal equilibrium. Classically, this difference between spin
state populations results in the formation of a bulk magnetization vector, M0, which is
directed along B0. Equation (7) demonstrates the fundamental problem associated with NMR
spectroscopy: it is an inherently insensitive spectroscopic technique due to the small energy
differences between the non-degenerate energy levels, which in turn give rise to tiny
population differences and correspondingly weak NMR signals. The NMR signal strength

Figure 1.1 - The splitting of degenerate energy levels of a spin-1/2 nucleus in an
external magnetic field, B0, due to the Zeeman interaction.
4

may be improved by increasing the population difference between spin states. The use of
large sample sizes, ultra-high magnetic fields, cryogenic temperatures, and specialized
radiofrequency pulses serve to increase the sensitivity of the NMR experiment.

1.4 - Radio Frequency Interaction
The NMR experiment involves the use of electrical radiofrequency (rf) pulses at or
near the Larmor frequency of the nucleus of interest. These pulses travel through a solenoidal
coil and generate an oscillating magnetic field (B1) oriented along the axis of the coil, which
is perpendicular to the external field B0. When B1 is of the proper frequency, it can induce
transitions between spin states by interacting with the nuclear spins in the sample. The
Hamiltonian for the radio frequency interaction is:
,̂rf ' &B1(t) cos[ωrft % φ(t)] j γ nI x
i

i

i

(8)

where ωrf is the transmitter frequency and φ is the phase of the applied rf field. Generally,
NMR experiments require that ωrf . ω0, for reasons detailed below.
In the lab frame, the nuclear spins precess about B0 at the Larmor frequency ω0. If we
enter a reference frame that rotates about the z-axis at a frequency of ωrf, the nuclear spins
appear stationary. Subsequently, a net magnetization along the z-axis remains. In this
rotating frame, when an on-resonance pulse (i.e., a pulse fulfilling the condition ωrf . ω0) is
applied, effects of the static B0 are reduced by a factor of ωrf/ω0, and B1 appears as the
dominant magnetic field. The net effective magnetic field, Beff, is the vectorial sum of B1 and
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B0(1-ωrf/ω0) (Figure 1.2).
For a pulse applied along the +y' direction of the rotating frame, the spin
magnetization will rotate in the xz plane. Spin magnetization will tip through some angle θp
from +z in a counterclockwise direction about +y', as it precesses about the B1 field (Figure
1.3). The angle θp is known as the tip angle, and is described by:
θp ' τpγB1 ' ω1τp

(9)

The tip angle is related to ω1, the nutation frequency (ω1 = -γB1), and τp, the length of time
that the rf pulse is applied. A 90E pulse is commonly employed in NMR experiments, and
has a defined tip angle of π/2 radians.

For example, a 90E pulse along yN rotates

magnetization in the xz plane until magnetization lies along the +x direction (Figure 1.3).
The pulse applied in an NMR experiment results in a net absorption of energy, which induces

Figure 1.2 - The magnetic fields present in the rotating
frame. The static field is reduced by a factor of ωrf/ω0, so in
the case of an on-resonance pulse (ωrf = ω0), only B1
remains.
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transitions between spin states. The allowed spin transitions are defined by the selection rule
ΔmI = ± 1. In the context of an ensemble of a single type of spin-1/2 nucleus, the 90E NMR
pulse applied allows for equalization, or saturation, of the populations between the
low-energy mI = +1/2 (α, spin-up) and high-energy mI = -1/2 (β, spin-down) spin state
(Figure 1.3). An rf pulse serves to manipulate unobservable, longitudinal spin polarization
by rotating it into the transverse (i.e., xy) plane, where detection is possible. When the pulse
ceases, the only magnetic field present is B0, and precession about the z-axis resumes. If a
tip angle of sufficient magnitude is used (i.e., θp = 90E), the free, undisturbed precession of
magnetization in the xy plane induces a weak oscillating electric current in the NMR coil,
which is then amplified by a receiver and sent to an ADC for digitization. The induced NMR
signal is termed a free induction decay (FID).

Figure 1.3 - Orientation of bulk magnetization (top) and illustration of spin state
populations (bottom) (a) at the instant an on-resonance pulse B1 is applied along the
y-axis, (b) as B1 tips M0 counterclockwise into the xy plane, and (c) in the xy plane
(θ = 90E) at the conclusion of 90E pulse B1.
7

1.5 - Relaxation Processes
Once the rf pulse is shut off in the NMR experiment, the equalized spin system
population reverts to thermal equilibrium, with populations described by equation (7). This
population transfer occurs as high-energy β spin states transition, or relax, to low-energy α
spin states via exchange of energy with the surroundings. NMR relaxation is usually
described by two separate processes: the relaxation of the bulk magnetization back to thermal
equilibrium along the z-axis, and the loss of coherence of spin magnetization precessing in
the xy-plane. The former is known as longitudinal, or T1, relaxation; the latter is transverse,
or T2, relaxation.
T1 relaxation determines the pulse delay, or how long one must wait before the system
reaches thermal equilibrium (i.e., often, recycle delays of 5×T1 are employed). T2 relaxation
manifests itself as the exponential decay in signal of the obtained FID with time (Figure 1.4).
In practice, an effective T2 relaxation time (T2*) is normally observed in the FID. In
solid-state NMR, T2* arises from inhomogeneous line broadening of broad anisotropic
patterns, owing to sources such as chemical shift anisotropy or the quadrupolar interaction
(vide infra).

8

Figure 1.4 - T1 relaxation is depicted in (a) and T2 relaxation is shown in
(b). M0 denotes the net spin magnetization vector, MZ is the
z-component of M0.

1.6 - Magnetic Shielding/Chemical Shift Interaction
An external magnetic field, B0, can induce the circulation of electrons in
molecular/atomic orbitals, which in turn can produce relatively weak, local induced magnetic
fields (Bind). With respect to B0, these induced fields contribute to slightly shield (Bind ï B0)
or deshield (Bind 2 B0) nuclei, leading to small deviations in Larmor frequency. This
interaction is known as nuclear magnetic shielding (MS). Equation (3) can be modified as:
ω0 ' &γ(B0 % Bind)

(10)

The specific sign and magnitude of shielding associated with Bind is dependent on the
chemical structure and molecular orientation with respect to B0.
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The Hamiltonian for MS is:3

,̂CS ' γћI Zσ̈B0

(11)

where σ̈ is the magnetic shielding tensor. The MS tensor is a second-rank tensor described
by a 3×3 matrix.
σxx σxy σxz
σ̈ ' σyx σyy σyz

(12)

σzx σzy σzz
The MS tensor is asymmetric (i.e., σij … σji ),but can be expressed as a sum of a symmetric and
antisymmetric tensors. Both the asymmetric and symmetric portions of the MS tensor
contribute to nuclear spin relaxation, however, only the symmetric component of the MS
tensor makes observable contributions to NMR spectra.11 The symmetric portion of the MS
tensor has a non-zero trace and is normally expressed in its own principal axis system (PAS)
as:

σ̈ '

σ11

0

0

0

σ22

0

0

0

σ33

(13)

Along the diagonal are the three principal components of the MS tensor: σ11, σ22, and σ33.
These components describe the degree of magnetic shielding, and are defined such that
σ11 # σ22 # σ33. The three components are orthogonal to one another and represent magnetic
shielding in three dimensions about the nucleus (Figure 1.5).
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Figure 1.5 - Visual representation of
the magnetic shielding tensor. An
ellipsoid is used as a pictorial aid.

For any orientation of the MS tensor with respect to B0, the magnetic shielding is
given by:
,̂MS(θ,φ) ' γB0(σ 11sin2θ cos2φ % σ 22sin2θ sin2φ % σ 33cos2θ) I Z

(14)

In the above equation, θ and φ are polar angles which define the orientation of B0 in the PAS
of the MS tensor. θ represents the tip angle and φ is the azimuthal angle. Magnetic shielding
strongly depends on the orientation of the MS tensor, and by extension, the orientation of the
molecules themselves, with respect to B0. The MS tensor is said to be anisotropic (i.e.,
directionally dependent). In a powder sample, all possible crystallite orientations with respect
to B0 exist; hence, every possible combination of θ and φ will be present. Therefore, each
crystallite will possess a slightly different resonant frequency according to equation (14). This
anisotropy may give rise to broad powder patterns.
In the solution state, small molecules are able to freely tumble at rates in the regime
11

of 10-12 s-1, which rapidly reorients the MS tensor through all possible orientations of θ and
φ on the NMR timescale. The result is a sharp resonance, which represents an averaged value
of the anisotropic MS interaction (Figure 1.6).

Figure 1.6 - Averaging of the CSA demonstrated via a comparison of simulated (a)
solid-state and (b) solution-state NMR spectra for a spin-1/2 nucleus. Intensity of
solid-state spectrum enhanced by ca. 10 x for clarity.
The averaging of the anisotropic MS interaction provides a very sharp peak of high
S/N, which in most cases, can be easily resolved from neighbouring peaks. By contrast,
anisotropic powder patterns feature dispersed integrated signal intensity, resulting in lower
S/N and severe overlap with neighbouring patterns. Nonetheless, these anisotropic patterns
are rich in information concerning local structure, bonding, and electronic environment. In
solution or gas phase, the isotropic magnetic shielding (σiso) is observed as the average of all
three individual magnetic shielding components:

σiso '

σ11 % σ22 % σ33
3
12

(15)

Magnetic shielding values are reported on an arbitrary scale where the shielding of a
bare nucleus is set as zero. Although a wealth of information is available from MS tensors,
it is not possible to experimentally measure the NMR spectrum of a bare nucleus, making
comparison of MS values using the shielding scale quite inconvenient. Typically, observed
resonances are reported by chemical shift values, rather than MS values. The chemical shift
(δ) is calculated via comparison of an experimental resonant frequency to a known reference
frequency and is measured in parts per million (ppm):10

δ '

ωsample & ωreference
ωreference

× 106

(16)

where ωsample is the frequency of the experimental signal and ωreference is the frequency of the
signal in the reference compound. The conversion between chemical shift (CS) and magnetic
shielding (MS) is as follows:10

δ '

σreference & σsample
1 & σreference

. σreference & σsample

(17)

The CS and MS scale are opposite in sign: if a measured MS is greater in magnitude
than the reference shielding, a negative chemical shift is observed. Conversely, a compound
deshielded in comparison to the reference will exhibit a positive CS value. The CS tensor
components correspond directly to magnetic shielding tensor components (i.e., σ11 and δ11
both refer to the most deshielded, or most chemically shifted, component of the CS tensor)
and chemical shift anisotropy (CSA) gives rise to distinct spectral features (Figure 1.7).
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The isotropic chemical shift (δiso) is defined as:

δiso '

δ11 % δ22 % δ33
3

(18)

The anisotropic CS interaction yields valuable information pertaining to the local
electronic environment as well as molecular-level structure. This thesis will follow the
Herzfeld-Berger convention of describing CS tensors, which reports δiso along with two
additional parameters: the span (Ω) of a CS tensor is the difference between its most and least
shifted components (δ11 and δ33, respectively) and, as its name suggests, is a measure of the
breadth or anisotropy of the powder pattern.6,12,13
Ω ' (δ11 & δ33)

(19)

The skew (κ) describes the degree of axial symmetry of the CS tensor, where -1 # κ # +1. The
CS tensor is axially symmetric in distinct ways when the skew is equal to either 1 or -1. The
skew is defined as:6,12,13

κ '

3(δ22 & δiso)
Ω

(20)

Variations in both span and skew alter the solid-state NMR powder pattern in a well-known
fashion (Figure 1.8), allowing for the simulation of experimental spectra with computer
software in order to extract CS tensor parameters.
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Figure 1.7 - Simulation of a CSA-dominated NMR powder pattern, with arrows
indicating CS tensor components
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Figure 1.8 (a), (b) - Shape of powder patterns according to the difference between the δ11 and δ33 components of the
CS tensor. (c)-(f) - Shape of powder patterns according to symmetry of the CS tensor: (a) axial, (b) non-axial, (c)
non-axial, and (d) axial symmetry.

1.7 - Quadrupolar Nuclei and the Quadrupolar Interaction
Nuclei with I > 1/2 have an asymmetric distribution of positive nuclear charge, which
gives rise to a nuclear electric quadrupole moment (NQM).14 The NQM is defined
quantitatively by a scalar value in the regime of 10-28 m2. The quadrupolar interaction refers
to the anisotropic coupling of the NQM with the local electric field gradient (EFG) about the
nucleus. Generally, EFGs arise from the ground-state electric charge distribution in the
immediate environment about the nucleus, and arise from sources such as chemical bonds,
electrons, other nuclei, etc.
The EFG tensor is mathematically described as a traceless, second-rank, symmetric
tensor. In a Cartesian coordinate system, the EFG tensor ( V̈ ) is written as:

Vxx Vxy Vxz
V̈ ' Vyx Vyy Vyz

(21)

Vzx Vzy Vzz
where the nine components correspond to the gradient of the electric field vector components
with respect to position in some arbitrary reference frame.14 In its PAS, the diagonalized
EFG tensor has three distinct components:6

V̈ '

V11

0

0

0

V22

0

0

0

V33

(22)

Since the EFG tensor is traceless, the sum of these three components must be equal to zero:12
V11 % V22 % V33 ' 0
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(23)

Convention states that the components of the EFG tensor are ordered such that
|V11| # |V22| # |V33|. The degree of spherical and axial symmetry of the EFG tensor can be
defined by two parameters. The principal component of the EFG tensor of the largest
magnitude, V33, is proportional to the quadrupolar coupling constant (CQ):

CQ '

eQV33
eqeQ
'
ћ
ћ

(24)

The spherical symmetry about the nucleus is related to the value of CQ. Low values of CQ
correspond to a high degree of spherical/Platonic symmetry about the quadrupolar nucleus
(Figure 1.9). The axial symmetry of the EFG tensor is described by the dimensionless
asymmetry parameter (ηQ), which ranges from 0 to 1:12,15

ηQ '

V11 & V22
V33

(25)

An axially symmetric EFG tensor has V33 as the unique component, and V11 = V22 (ηQ = 0),
and has the same symmetry as a dz2 atomic orbital. The ηQ = 1 case describes a situation
where |V22| = |V33|, and V11 is the unique component. This EFG tensor has the symmetry of
a dxy/dxz/dyz orbital.
The Hamiltonian for the quadrupolar interaction is given as:6

,̂Q '

eQ
I@V̈@I
2I(2I&1)ћ

where I is the nuclear spin operator and V̈ is the EFG tensor.
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(26)

The quadrupolar Hamiltonian is often written as a sum of first- and second-order
contributions:8
(1)

(2)

,̂Q ' ,̂Q % ,̂Q

(27)

Although the quadrupolar interaction may be expanded to higher orders, generally only the
first- and second-order quadrupolar interactions (FOQI and SOQI, respectively, where
FOQI > SOQI) influence NMR powder patterns.8
Figure 1.9 qualitatively demonstates how the quadrupolar interaction perturbs the
Zeeman eigenstates of a I = 3/2 nucleus to first and second order. Although the energies of
all spin states of a half-integer quadrupolar nucleus are impacted by the FOQI, the energy
difference corresponding to the mI = -1/2 : +1/2 transition remains unchanged. This
transition is known as the central transition (CT). All other transitions are termed satellite
transitions (ST) (in this case, mI = +3/2 : +1/2 and mI = -1/2 : -3/2). The anisotropic FOQI
significantly influences all STs, which can result in significant broadening of NMR powder
patterns when a sizable quadrupolar interaction is present. In many cases, only the CT is
observed in NMR experiments, as the ST patterns are broadened beyond detection across
broad frequency ranges. The SOQI perturbs all of the spin state energy levels, but to a lesser
degree than the FOQI. As a result, the CT is influenced by the SOQI, which has a complex
orientation dependence in comparison to the FOQI. With respect to the NMR experiments
on half-integer quadrupolar nuclei described within this thesis, STs are generally not
observed. A typical SOQI-dominated CT powder pattern is shown in Figure 1.10. The
breadth of the powder pattern is generally proportional to CQ while the positions of the sharp
19

discontinuities are dependent upon ηQ. In order to detect the CT of half-integer quadrupoles,
a CT-selective rf pulse is used. A solution-calibrated rf pulse that generates a 90E tip angle
is scaled by a factor of (I + ½) in order to selectively excite the CT.16
The 14N SSNMR studies within Chapters 2 and 3 involve the uncommon case of a
quadrupolar nucleus with an integer nuclear spin (I = 1). Unlike half-integer quadrupoles,
integer spin quadrupoles do not possess a CT, only STs. The 14N nucleus has two allowed
transitions, mI = +1 : 0 and mI = 0 : -1, which are affected by both the FOQI and SOQI
(Figure 1.11). Although the relatively much smaller effects of the SOQI on 14N spectra have
been detailed,17 their very subtle contributions are not detectable in most static 14N SSNMR
spectra.

14

N SSNMR spectra feature two overlapping patterns associated with the two STs,

giving rise to a symmetric pattern (to first order) called a Pake doublet (Figure 1.12).
Additionally, the symmetric FOQI-dominated 14N spectra yield no information on CS tensor
parameters. This is discussed more extensively in Chapters 2 and 3.
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Figure 1.9 - The splitting of energy levels of a spin-3/2 nucleus due to the Zeeman
interaction, first-order quadrupolar interaction (FOQI), and second-order quadrupolar
interaction (SOQI). CT denotes the central transition, ΔQ1 represents the change in
transition energy due to the FOQI. ΔQ2 represents the change in transition energy due to
the SOQI.

Figure 1.10 - Effects of (a) the quadrupolar coupling constant (holding ηQ constant) and
(b) the asymmetry parameter (holding CQ constant) on a central transition powder pattern.
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Figure 1.11 - The splitting of energy levels of a spin-1 nucleus due to the Zeeman
interaction, first-order quadrupolar interaction (FOQI), and second-order quadrupolar
interaction (SOQI). ΔQ1 represents the change in transition energy due to the FOQI. ΔQ2
represents the change in transition energy due to the SOQI.

Figure 1.12 - An idealized spectrum exhibiting a Pake doublet, representing the two
separate 14N spin transitions
22

1.8 - Euler Angles
Both the quadrupolar and chemical shift interactions are anisotropic, and as
previously discussed, are described by their respective EFG and CS tensors. There are
numerous cases where NMR powder patterns are influenced by both interactions;
consequently, the NMR powder pattern is also sensitive to the relative orientations of these
tensors. Diagonalization of the EFG tensor yields a set of eigenvectors that describe the EFG
PAS in the molecular frame. In a similar fashion, the CS tensor PAS may also be related to
the molecular frame via a separate set of eigenvectors. The relationship between the separate
principal axis systems (EFG and CS) can be described via three Euler angles and a series of
mathematical rotations.6,18
The Euler angles (α, β, γ) relate the EFG and CS coordinate systems at their common
origin, the nucleus. Euler angles describing non-coincident EFG and CS tensors are shown
in Figure 1.13. The angle β is the angle between V33 and δ33, and for the instances described
in this thesis, is the most influential Euler angle in terms of spectral appearance. The
convention used for reporting experimental Euler angles in this thesis is that a
counterclockwise rotation corresponds to the positive direction.19
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Figure 1.13. Euler angles (α, β, γ) linking the PAS system of
the EFG and CS tensors.
1.9 - Indirect Spin-Spin Interaction (J-coupling)
Nuclear spins may interact with each other in two ways: directly through space, as
described by the direct dipolar coupling interaction, or indirectly mediated through electrons
in chemical bonding networks, as described by the indirect spin-spin interaction or J-coupling
interaction. The Hamiltonian corresponding to the latter interaction is:3,6,20

,̂J ' I@J̈@S

(28)

where J̈ is the asymmetric J-coupling tensor, which possesses a non-zero trace. Rapid
molecular tumbling in solution-state NMR averages the anisotropic effect of J̈ and only the
isotropic J-coupling remains, a scalar value.
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The J-coupling interaction slightly perturbs the Zeeman eigenstates, resulting in a
measurable fine structure of NMR resonances. Indirect spin-spin coupling between two
spins, spin I and spin S, leads to splitting of the resonance in the NMR spectrum of I into a
multiplet of 2S + 1 peaks. Likewise, the spectrum of nucleus S has a multiplet of 2I + 1
peaks. The spacing between these peaks should be identical and equal to the J-coupling
scalar value.21 If the difference in chemical shifts of I and S is similar in magnitude to the
J-coupling (i.e., J .ΔυCS), complicated second-order coupling may arise, and peak splitting
is no longer necessarily equal to the scalar value of the J-coupling. J-coupling is an excellent
indication of chemical bonding because it is typically only evident for two nuclei linked
through chemical bonds which exhibit some s-orbital character.8

1.10 - Direct Dipolar Interaction
The mutual interaction of the magnetic dipole moments of two nuclear spins through
space is called the direct dipolar interaction. The direct dipolar interaction, unlike J-coupling,
does not involve the electronic framework of the molecule, and is dependent upon nuclear
proximity rather than through-bond connectivity. The energy associated with the dipolar
interaction between two spins, denoted I and S, can be calculated with the dipolar
Hamiltonian:1,6,21
,̂D ' I@D̈@S
,̂D ' RDD [I@S &

(29)

3(I@r)(S@r)
r2

]

(30)

where r represents the internuclear vector and r is the internuclear distance. The dipolar
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interaction is anisotropic, but D̈ is a symmetric and traceless tensor, hence, rapidly tumbling
molecules show no evidence of dipolar coupling in solution NMR spectra, although the
dipolar interaction may contribute to relaxation of spin systems. RDD is the dipolar coupling
constant and is defined as:

RDD

µ0 γIγSћ 2
' ( )(
)
4π
r3

(31)

where µ0 is the vacuum permeability constant. The dipolar coupling has a strong dependence
on internuclear distance (i.e., r-3) and the gyromagnetic ratios of the coupled nuclei. The
direct dipolar interaction is a larger perturbation on the Zeeman eigenstates, as compared to
the J-coupling interaction.

1.11 - Residual Dipolar Coupling
In the solid-state, where dipolar effects are not averaged by isotropic tumbling, the
orientation dependence of the dipolar interaction may give rise to interesting spectral features,
particularly when such dipolar coupling involves a spin-1/2 nucleus (I) and a quadrupolar
nucleus (S) that are J-coupled. When the quadrupolar interaction is large and on the same
order of magnitude as the Zeeman interaction involving spin S, the nuclear spin angular
momentum of S is no longer solely quantized along the direction of the magnetic field. This
results in non-zero frequency shifts from the normally non-secular C and D terms of the
dipolar Hamiltonian.22,23 These frequency shifts are said to arise from residual dipolar
coupling, which corresponds to situations involving the failure of the high-field
approximation.
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In terms of spectral appearance, residual dipolar coupling is manifested as a further
splitting of peaks beyond the normal effects of first-order J-coupling. In Chapter 6, spectra
of spin-1/2 nuclei (31P) coupled to spin-3/2 nuclei (63/65Cu) exhibit distortions in the splitting
of outermost J-coupled peaks while the splitting amongst innermost resonances corresponds
to the value of J (figure 1.14).22

Figure 1.14 - The effect of residual dipolar coupling between a spin-1/2 and spin 3/2
nucleus , as observed in the spin-1/2 spectrum
Mathematically, the positions of peaks in the spectrum of I can be calculated from:
2

I
νm

'

I
νiso

& mI Jiso %

S (S % 1) & 3mI
S (2S & 1)

d

(32)

where νIiso is the frequency of the isotropic chemical shift, and Jiso is the magnitude of the
J-coupling. Residual dipolar coupling is represented by d, defined as:

d '

3CQ Reff
20νS

[(3cos2βD & 1) % ηQ sin2βD cos2αD]

(33)

where CQ and ηQ are the quadrupolar parameters, Reff is the effective dipolar coupling constant
(where Reff = RDD - ΔJ/3), and νS is the Larmor frequency of the quadrupolar nucleus. Residual
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dipolar coupling is orientation dependent: αD and βD are angles used to describe the position
of V33 in the molecular frame (Figure 1.15).

Figure 1.15 - (a) For each of the Cu-P vectors, β = 90E and α ranges from 60 to 70E. (b)
An alternate view of one of the dipolar vectors in the EFG tensor frame.
1.12 - Experimental NMR Techniques
1.12.1 - Magic-Angle Spinning (MAS)
To first order, NMR interactions have an orientation dependence described by
(3cos2θ-1), where θ is the angle between the z-component of the NMR interaction tensor with
respect to B0. In the solution state, small molecules undergo rapid molecular tumbling, which
serves to reorient anisotropic NMR interactions through all values of θ. This results in the
observation of averaged NMR interactions, whose isotropic values correspond to the trace of
their respective tensors. All anisotropic NMR interactions are present in the solid-state and
result in significant spectral broadening. Such broadening can result in overlapping powder
patterns and decreased S/N.
28

The solution to the equation (3cos2θ-1) = 0 is θ = 54.74E, and this angle is known as
the magic angle. Mechanical rotation (i.e., spinning) of the solid-state NMR sample about
an axis oriented at the magic angle causes the orientation of the interaction tensor to vary with
time, leading to an average orientation of:6
<3cos2θ&1> '

1
(3cos2θR&1)(3cos2β&1)
2

(34)

where β is the angle between the principal tensor component of the NMR interaction with
respect to the rotational axis (Figure 1.16), and θR is the experimentally adjusted magic angle.
Selection of θR as 54.74E will cause the right side of the equation to become zero, averaging
first-order effects of all anisotropic NMR interactions, resulting in an increase in the
resolution of solid-state NMR spectra.6,24,25 In order to completely average anisotropic NMR
interactions, the MAS spinning frequency must be greater than the frequency distribution of
the interaction; otherwise, only partial averaging occurs. With respect to the very broad
CSA-dominated 195Pt powder patterns and EFG-dominated 14N, 35Cl, and 65Cu powder patterns
described in Chapters 2, 3, 4, and 6, the NMR interactions are of such large magnitudes that
it is impossible to achieve complete averaging of the powder patterns via MAS. This thesis
includes several MAS experiments on spin-1/2 nuclei such as 1H, 19F, 89Y, and 195Pt, and does
not include any MAS experiments involving quadrupolar nuclei.
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Refocusing of spin magnetization at the end of each rotor period during MAS gives
rise to spin echoes in the time domain. As a result, the Fourier transformed FID yields
spinning sidebands in the frequency domain. Spectral intensity is concentrated in these
sidebands, which spread outwards from the isotropic chemical shift at an interval equal to the
spinning frequency, resulting in a significant boost in S/N. The appearance of spinning
sidebands necessitates the acquisition of the spectrum at a minimum of two different spinning
speeds in order to identify the isotropic chemical shift, which remains invariant at different
spinning frequencies.6

The frequencies and intensities of the spinning sidebands are

dependent upon the presence of the various anisotropic NMR interactions (including their
magnitudes, anisotropies and relative intensities, as described by their tensors).

Figure 1.16. The magic-angle spinning experiment angular
dependence. A chemical shielding tensor is represented by an
ellipsoid.
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1.12.2 - Cross Polarization (CP)
Cross-polarization (CP) is a frequently employed SSNMR acquisition technique
designed to transfer polarization from abundant, high γ spins I (i.e., 1H or 19F) to dilute spins
S (i.e., 195Pt or 89Y). The maximum theoretical signal enhancement is given by the ratio of
γI/γS, where γI and γS are the gyromagnetic ratios of the abundant and dilute spins,
respectively. Additionally, abundant spins such as 1H possess relatively short T1 relaxation
times in comparison to dilute nuclei. Since the CP experiment depends on 1H relaxation,
short T1(1H) values lead to decreases in experimental times.26-28 The CP experiment relies on
the dipolar interaction to transfer polarization from abundant spins to dilute spins in the
rotating frame. The transfer of spin polarization between nuclei with different Larmor
frequencies is made possible by satisfying the Hartmann-Hahn condition, where applied rf
field strengths of the I and S channels may be selected to achieve an overlap of spin energies
in the rotating frame (in the absence of MAS): 26,29
ω1I ' ω1S

(35)

γIB1I ' γSB1S

(36)

The CP pulse sequence is depicted in Figure 1.17. The experiment is initiated with a 90E rf
pulse applied on the I (e.g., 1H) channel along the xN-axis of the rotating frame, generating B1I
in order to tip the magnetization of the I spins along the -yN-axis and into the xy-plane. In
order to lock the spin magnetization of I, a continual rf pulse of B1I is applied along the yN-axis
for a period known as the contact time. While spin locking of I is maintained, an rf pulse that
satisfies the Hartmann-Hahn condition, B1S, is applied along the yN-axis of the rotating frame
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of S (e.g., 195Pt). Spin magnetization of S then builds up in the direction of the spin-locking
field. At the conclusion of the contact time, the spin locking pulses cease and heteronuclear
decoupling is applied on the I channel while the FID is detected on the S channel.

Figure 1.17. The cross-polarization pulse sequence.

1.12.3 - Variable-Amplitude Cross-Polarization (VACP)
The CP experiment relies on dipolar coupling between I and S to transfer spin
polarization. Since the dipolar interaction is anisotropic and subject to directional averaging
via MAS, achieving high CP efficiency (i.e., maximized signal gains) under MAS conditions
is challenging in weakly-coupled systems. In order to achieve optimal Hartmann-Hahn
matching conditions at high spinning speeds, a modified version of the CP experiment known
as variable-amplitude cross-polarization (VACP) is employed.30-32 Whereas a normal CP
experiment uses an rf pulse of fixed amplitude to spin-lock I, VACP constructs the I spin-lock
pulse from a series of pulses with identical phase but amplitudes that are gradually
incremented over the duration of the contact pulse.30,31 The variable-amplitude spin-locking
pulse generates a series of Hartmann-Hahn matching conditions, which reduces mismatches
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in spin-locking and results in enhanced CP efficiency, particularly under MAS conditions.
Other pulse sequences have also been implemented to improve CP efficiency at high spinning
speed, such as RAMP/CP33,34, while alternate routes such as adiabatic passage through the
Hartmann-Hahn condition have also been explored.35,36 In this thesis, the VACP pulse
sequence is primarily used for CP/MAS signal enhancement.

1.12.4 - Hahn-Echo and Carr-Purcell Meiboom-Gill (CPMG) Experiments
Nuclear spin coherences with small T2 values have coherent spin-polarization in the
xNyN-plane of the rotating frame which is subject to rapid dephasing, leading to FIDs which
rapidly decay. These short T2 values arise from anisotropic interactions, and lead to
correspondingly broad powder patterns.

These powder patterns are said to be

inhomogenously broadened, and are generally difficult to acquire using ordinary NMR
experiments.
Due to the rapid decay of the FID, the standard Bloch-decay pulse sequence (Figure
1.18(a)) is ill-suited for acquisition of such broad spectra. Bloch-decay experiments
incorporate a delay, τ, before acquisition of the FID, in order to first allow residual power to
dissipate in the sample coil and then to activate the receiver and detect signal. Magnetization
rapidly dephases during the acquisition delay, and Bloch decay spectra exhibit distorted
lineshapes and reduced S/N as a result. A spin-echo, or Hahn-echo, experiment can be used
to refocus spin magnetization in the xy-plane.37-39 The Hahn-echo pulse sequence is of the
form {(π/2)x - τ - πy - τ - acquisition}, where τ represents a delay between pulses (typically
in the regime of tens to hundreds of µs). For SSNMR experiments on quadrupolar nuclei,
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these experiments allow for acquisition of distortionless spectra and offer a substantial gain
in signal if the full spin-echo is acquired (Figure 1.18 (b)).
The Carr-Purcell Meiboom-Gill (CPMG) pulse sequence may be used to enhance S/N
and decrease the time required for acquisition of wideline spectra of both spin-1/2 and
half-integer quadrupolar nuclei.40-43

The pulse sequence resembles a Hahn-echo, but

incorporates a train of refocusing pulses and acquisition periods, resulting in the acquisition
of a train of T2-dependent spin-echoes (Figure 1.18(c)).40 The echo train FID has increased
signal in comparison to a single Hahn-echo. It may be Fourier transformed to produce a
spectrum of “spikelets,” or the echoes may be shifted and co-added to build signal in a
single-echo FID. The spikelet spectrum is more commonly encountered; the outer manifold
of spikelet intensity matches the overall static pattern, and generally has much higher S/N than
echo experiments.
The length of τa within the CPMG experiment determines the spectral spikelet
separation of 1/τa in the frequency domain. Generally, spikelet separations are selected to
provide a balance between high S/N and adequate resolution of spectral features. The number
of refocusing loops, N, may be increased to exploit long T2 values and the corresponding
increase in S/N. The CPMG pulse sequence has been combined with cross-polarization
(CP-CPMG) for improvements in S/N and experimental time, although the traditional hard
rf pulses employed with such experiments result in poor excitation bandwidths associated
with broadband CP (vide infra).
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Figure 1.18. - Pulse sequences (left) and a representation of resulting spectra (right) of: (a) Standard one-pulse Bloch decay,
experiment, (b) Hahn-echo experiment, and (c) CPMG experiment. FT denotes a Fourier Transformation.

1.12.5 - WURST-CPMG Pulse Sequence
Rf pulses in NMR experiments are typically short, rectangular pulses of a fixed phase.
The application of WURST (Wideband Uniform Rate Smooth Truncation)-type excitation
pulses44 for the acquisition of Hahn-echo45 and CPMG NMR spectra46-48 has greatly enhanced
both the S/N and rates of acquisition of SSNMR spectra. WURST pulses are relatively long
amplitude- and phase-modulated pulses which generate a net magnetic field, Beff, that slowly
guides spin magnetization from the +z-axis to the xy plane (saturation) or along the -z-axis
(inversion).

WURST pulses have

much wider frequency excitation bandwidths in

comparison to short, rectangular rf pulses (Figure 1.19). Two WURST-80 pulses of identical
amplitudes, phase profiles, and sweep directions are employed in the WURST-CPMG
experiment; the first pulse creates a coherence of nuclear spin magnetization into the
xy-plane, while the second pulse performs a repeated broadband refocusing of the
magnetization.

Figure 1.19 - Schematic of the WURST pulse sequence. WURST-B and WURST-C
denote two WURST pulses identical in phase profile and amplitude for broadband
“excitation” and refocusing, respectively.
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WURST-CPMG experiments result in increased S/N over traditional CPMG methods, which
allows for increased spacing of CPMG echoes in the time domain FID and a corresponding
increase in the inherent spectral resolution associated with WURST-CPMG. The operation
of this pulse sequence is clearly very distinct from rectangular pulses with constant phase;
WURST-CPMG experiments offer broadband excitation and higher resolution with no
corresponding losses in experimental time.

1.12.6 - BRAIN-CP/WURST-CPMG Pulse Sequence
Conventional cross-polarization experiments offer enhanced signal and shorter
experimental times versus corresponding direct excitation experiments using rectangular
pulses (see section 1.12.2), however, these CP experiments exhibit narrow excitation
bandwidths, limiting their efficacy for the acquisition of broad SSNMR powder patterns. If
the excitation bandwidth of CP experiments were improved, perhaps through combination
with WURST-type pulses for excitation and broadband refocusing of magnetization, further
gains in S/N and decreases in experimental times could be realized.
The

recently-introduced

Broadband

Adiabatic

Inversion

Pulses

for

Cross-Polarization (BRAIN-CP) pulse sequence may be combined with the WURST-CPMG
protocol to yield the BRAIN-CP/WCPMG pulse sequence,49 which is a fully broadband pulse
experiment capable of providing one to two orders of magnitude enhancement in S/N. The
BRAIN-CP/WCPMG pulse sequence is ideal for the acquisition of static UW powder
patterns.
The BRAIN-CP/WCPMG pulse sequence is depicted in Figure 1.20. The CP
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spin-locking pulse used on I (i.e., 1H) is rectangular in shape and similar to that employed in
an ordinary CP experiment. During the spin-lock period, magnetization of S is slowly
inverted from the +z to -z-axis by the use of a WURST-80 pulse. During this period, the
Hartmann-Hahn condition occurs twice for each individual crystallite, permitting polarization
transfer from I to S. These pulses allow for adiabatic fast passage, so the polarization that is
transferred remains stored along Beff. At the conclusion of the WURST inversion pulse, Beff
is oriented along the -z direction, and the I polarization which has been transferred to S is
stored along this direction. A separate broadband WURST conversion pulse is then used to
rotate spin polarization into the xy-plane, where detection of magnetization occurs. A
CPMG-like train of WURST-80 pulses for detection and refocusing of magnetization is then
applied for S/N enhancement. The inversion of S spin polarization across a broad frequency
range allows for the realization of Hartman-Hahn matching conditions across a large range
of spectral frequencies, leading to gains in S/N in comparison to ordinary CP-CPMG
experiments (Figure 1.21).

Figure 1.20. Schematic of the BRAIN-CP/WCPMG pulse sequence. WURST-A is a
distinct WURST pulsesfor broadband adiabatic inversion, WURST-B and WURST-C
denote identical WURST pulses for broadband detection and refocusing, respectively.
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Figure 1.21. The 195Pt spectrum of Pt(NH3)4Cl2•H2O, acquired in the same period of time via (a) a 1H-195Pt CP-CPMG
experiment (orange), and (b) a 1H-195Pt BRAIN-CP/WCPMG experiment (blue). A simulation of the ideal powder pattern is
shown at top (c).

1.12.7 - Variable Offset Cumulative Spectroscopy (VOCS) Piecewise Acquisition
SSNMR powder patterns may have breadths ranging from kHz to MHz, depending
on the anisotropic interactions present in the sample. When powder patterns approach the
MHz regime in breadth, they are said to be ultra-wideline (UW). Although computational
simulations indicate that WURST-CPMG and BRAIN-CPMG pulse sequences may result
in excitation bandwidths on the order of MHz, the experimental excitation and detection
bandwidth limits of the hardware itself (i.e., the NMR probe) become the restriction, limiting
NMR signal excitation and detection to ranges of hundreds of kHz. In such situations,
frequency-stepped acquisiton of spectra must be used in order to acquire the entire UW
powder pattern. Individual pieces, or subspectra, of the overall powder pattern are acquired
by employing identical experimental parameters at transmitter positions separated by equal
intervals. These subspectra are then combined to form the overall, or cumulative, spectrum,
via coaddition or skyline projection. This technique is generally known as Variable Offset
Cumulative Spectroscopy (VOCS) or frequency-stepped acquisition (Figure 1.22).50-53
When using the VOCS method, the proper transmitter offset size between subspectra
is typically measured from the range of square, or even, excitation observed in an individual
subspectrum. For experiments involving CPMG, the transmitter frequency must be a
multiple of the spectrum spikelet separation. Subspectra are acquired as individual pieces
employing identical experimental parameters, separated by a constant difference in
transmitter frequency for each piece. Usage of the WURST-CPMG or BRAIN-CP/WCPMG
pulse sequence with VOCS requires the acquisition of relatively fewer sub-spectra compared
to ordinary CPMG or Hahn-echo experiments, since the broad WURST excitation
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bandwidths allow for much larger transmitter offset frequencies.

1.13 - Quantum Chemical Calculations of NMR Tensor Parameters
The interpretation and assignment of NMR spectra is often difficult, particularly when
multiple, overlapping powder patterns are present. In cases when the molecular structure is
known, the correlation of NMR tensors to structural features, and the influence of local and
long-range interactions on NMR tensors, are normally unclear without a priori knowledge
of the magnitude and orientation of tensor principal components.

Although tensor

orientations can often be inferred by symmetry relations, actual measurements of tensor
orientations may only be obtained through single-crystal NMR experiments. Computational
chemistry methods are often utilized as a complementary technique in order to predict
orientations of principal NMR tensor components, their magnitudes, and effect on NMR
spectra. These calculations offer a wealth of information regarding local structure, symmetry,
and electronic environment.

Computational methods permit detailed analysis of

contributions from both molecular and atomic orbitals to tensor parameters via “chemically
sensible” frameworks such as natural localized molecular orbital (NLMO).
In this thesis, three quantum chemical packages well-suited to calculation of NMR
tensor parameters are separately employed: Gaussian 03 (G03),54 Amsterdam Density
Functional (ADF),55 and CASTEP.56-60 Generally, G03 and ADF calculations model NMR
tensor behaviour in isolated clusters, and offer the ability to account for significant relativistic
spin-orbit shielding effects in heavy nuclei (i.e.,

195

Pt).

CASTEP calculations utilize

gauge-including projector augmented-wave (GIPAW) calculations, and are particularly
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effective for modeling NMR tensor parameters in compounds which display long-range
periodic structure.60 The accuracy of these calculations in reproducing experimental results
strongly depend on the quantum chemical package and parameters employed, and are
discussed on a per-case basis in individual chapters.
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Figure 1.22. - 195Pt WURST-CPMG subspectra of transplatin acquired via the VOCS method. The overall
spectrum is coadded.

1.14 - Context of Research
The increased availability of ultra-high magnetic fields, along with specialized pulse
sequences and techniques, has rendered much of the periodic table amenable to investigation
by solid-state NMR (SSNMR) spectroscopy. In particular, nuclei such as 195Pt, 14N, 35Cl, 89Y,
and 65Cu have traditionally been branded as insensitive, owing to some combination of low
natural abundances, low gyromagnetic ratios, and severely broadened spectra due to
anisotropic (directionally-dependent) interactions in the solid state. For example, although
the 14N nucleus is > 99 % naturally abundant, it is a low-γ integer quadrupolar nucleus that
is typically associated with extremely broad powder patterns of low S/N. In a similar
manner, 89Y is a 100 % abundant spin-1/2 nucleus which is also classified as an insensitive
nucleus due to its low gyromagnetic ratio and often lengthy T1(89Y) values.

195

Pt is a spin-1/2

nucleus with moderate natural abundance (ca. 33 %) and high γ, but is often found in the
square-planar Pt(II) structural motif, which gives rise to severely broadened powder patterns
due to large platinum chemical shift anisotropies (CSAs).
Metal atoms in inorganic complexes are generally important in determining elements
of their bonding, reactivity, and molecular structure. Naturally, SSNMR experiments on
metal nuclei hold much promise for elucidation of structure and bonding; however,
insensitive nuclei are typically avoided due to long experimental times and spectra with low
S/N.

This thesis describes the use of recent developments in pulse sequences and

experimental design to demonstrate the feasibility of solid-state NMR experiments on
insensitive metal nuclei. The utility of such experiments is verified through proof-of-concept
studies on model compounds, as well as practical applications to the characterization of a
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variety of unique systems.
Square-planar Pt(II) complexes are featured in a variety of applications, from
chemotherapy (i.e., cisplatin) to luminescent switches and materials for OLED applications.
However, Pt(II) compounds are often overlooked for SSNMR studies, owing to their large
platinum CSAs and correspondingly broad powder patterns.

Chapter 2 details a

proof-of-concept study on cisplatin and several related simple square-planar Pt(II) species.
The WURST-CPMG pulse sequence is used to efficiently acquire broad powder patterns of
high S/N in hours or minutes. Other insensitive nuclei, such as 35Cl and 14N, also prove to
be feasible for SSNMR study and reveal further valuable information on molecular structure.
This work is extended in Chapter 3, which describes a comprehensive application of
SSNMR of insensitive nuclei to Magnus' Salts. The Magnus' Salt systems feature 195Pt, 14N,
and 35Cl in an extended inorganic lattice; in these sorts of environments, such nuclei give rise
to extremely broad anisotropic powder patterns, however, their CS and EFG tensor
parameters provide valuable information on molecular structure and Pt-Pt metallophilic
interactions. The combination of

195

Pt,

14

N, and

35

Cl NMR experiments, along with

refinement of powder X-ray diffraction (pXRD) data, lead to the elucidation of the previously
unknown Magnus' Pink Salt crystal structure.
Two applications of

195

Pt solid-state NMR are detailed in Chapter 4: the first

application describes the characterization of systems featuring bulky amino- and
imino-phosphine based ligands coordinated to Pt. The weight % of Pt is very low in these
compounds and these systems decompose in solution, restricting the use of typical
characterization methods (i.e., solution NMR, single-crystal XRD), however, 195Pt SSNMR
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experiments shed insight into the Pt oxidation state and local coordination. The second
application, an investigation of the vapochromic Pt(bpy)CN2 system, examines the
relationships between large CSA associated with square-planar Pt(II) centers, Pt-Pt
metallophilic interactions, and the incorporation of volatile organic compounds within these
compounds.
Nanoparticles are of specific interest to chemists, since quantum confinement effects
associated with nanometer-based particle dimensions often give rise to interesting bulk
optical and electronic properties. Such properties are often attributed to the presence of
lathanide or transition metal atoms, which are often insensitive to NMR experiments. Since
such phenomena occur in the solid state, SSNMR is ideally suited for investigation of these
systems. Chapter 5 details the application of 19F and 89Y NMR experiments, in conjunction
with refinements of pXRD data, to structural elucidation of (H3O)Y3F10•xH2O nanoparticles,
including core-surface ligand interactions, crystallinity, bonding, and size effects.
Lastly, Chapter 6 illustrates the utility of 65Cu and 31P SSNMR for investigation of
a series of bis(triphenylphosphine)-based copper(I) complexes. In these systems, broad
NMR powder patterns arise from the quadrupolar interaction involving 65Cu, rather than
CSA interactions involving Pt and Y. Although Cu(II)-based compounds are normally
characterized via EPR, UV-Vis spectroscopy, etc., the “spectroscopically silent” diamagnetic
quadrupolar Cu(I) ion affords the opportunity to study such systems via SSNMR methods.
In these systems, broad powder patterns arise from the anisotropic quadrupolar interaction
at the Cu center. It is shown that 65Cu NMR is a powerful probe of local structure and
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coordination about the Cu(I) centres in these systems, and copper NMR parameters display
a clear correlation to structural features.
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Chapter 2: Multinuclear Solid-State NMR of Square-Planar Platinum Complexes:
Cisplatin and Related Systems
2.1 - Overview
Multinuclear solid-state NMR (SSNMR) experiments have been performed on
cisplatin and four related square-planar compounds. The WURST-CPMG pulse sequence
was utilized in NMR experiments to acquire 195Pt, 14N and 35Cl ultra-wideline NMR spectra
of high quality. Standard Hahn-echo and magic-angle spinning 195Pt NMR experiments are
also performed in order to refine extracted chemical shielding (CS) tensor parameters.
Platinum magnetic shielding (MS) tensor orientations are calculated using both plane-wave
DFT and standard DFT methods. The tensor orientations are shown to be highly constrained
by molecular symmetry elements, but also influenced to some degree by intermolecular
interactions.

14

N WURST-QCPMG experiments were performed on three compounds and

electric field gradient (EFG) parameters (the quadrupolar coupling constant, CQ, and the
asymmetry parameter, ηQ) are reported. First principles calculations of the 14N EFG tensor
parameters and orientations and affirm their dependence on the local hydrogen bonding
environment.

35

Cl WURST-QCPMG experiments on cisplatin and transplatin are reported,

using two different static magnetic fields to extract EFG and CS tensor parameters, and 35Cl
EFG tensor magnitudes and orientations are predicted using first principles calculations.
Transverse (T2) relaxation data for all nuclei are used to investigate heteronuclear dipolar
relaxation mechanisms, as well as the nature of the local hydrogen bonding environments.

2.2 - Introduction
Cancer is a class of diseases that affects people around the world, and in 2008 was
responsible for an estimated 7.6 million deaths globally.1 The treatment of cancer normally
involves the use of several different types of chemotherapeutic drugs,2 and of those, a
prominent class are platinum-based DNA-crosslinking agents. Drugs such as cisplatin,
carboplatin, and oxaliplatin are approved for use and pharmaceutical research continues to
focus on this family of compounds.3,4

Cis-diamminedichloroplatinum (cisplatin or

cis-PtCl2(NH3)2) is one of the longest known, most effective, and oft-employed alkylating
agents involved in the treatment of testicular, ovarian, bladder, head and neck cancers.5
Although originally reported by Peyrone in 1845 and subsequently dubbed “Peyrone's
chloride”,6 over one hundred years passed until Rosenberg discovered the unique effects of
cisplatin on E. coli bacteria growth7 in 1965 and antitumor activity in mice in 1969.8 In the
time since the introduction of cisplatin, related drugs using central Pt(II) atoms such as
carboplatin and oxaliplatin have been synthesized and approved to treat cancer as well.5
Cisplatin and related platinum-based drugs are thought to kill cancerous cells via the
formation of Pt-N covalent bonds between the Pt atom of the cisplatin molecule and purine
bases (particularly guanine units) in DNA, which in turn triggers cell apoptosis (i.e.,
programmed cell death).

There have been numerous reports of drug syntheses and

mechanistic studies; however, the specifics regarding this mechanism are still debated.9-11
Studies of cisplatin and related drugs often employ one- and/or two-dimensional
solution NMR as characterization methods, since the reaction of cisplatin with DNA occurs
within the aqueous environment of cells.12,13 The majority of solution NMR studies have
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focussed upon the reaction of cisplatin with relevant biomolecules and formation of
intermediates in physiological (i.e., low concentration) conditions; however even in
one-dimensional experiments, the limit of detection of 195Pt solution NMR (ca. 10 mM) is
orders of magnitude higher than concentrations found within cells (µM). Many solution
NMR studies examining the reactions of these drugs must rely on 1H and

15

N NMR

experiments (as well as 15N isotopic labelling), including two-dimensional inverse detection
methods that allow detection of drug concentrations similar to those within the body (5 µM).5
195

Pt solution NMR isotropic chemical shifts for much more concentrated systems are

sometimes reported;14-19 particularly for systems involving cisplatin hydrolysis and/or
reactions with biomolecules or DNA.12,14,15,19-21 Detailed first principles calculations of the
effects of solvents and dynamic averaging on observed 195Pt NMR shieldings in cisplatin and
related derivatives have also recently been reported.22
By comparison, there are fewer solid-state NMR (SSNMR) studies of these systems,
with focus upon nuclei such as 1H, 13C, and 15N.23-28 Although these nuclei are very common
in solution NMR work, they all have inherent drawbacks for SSNMR studies. 1H NMR
spectra are very broad due to strong homonuclear dipolar couplings, and not expected to be
of much use in elucidating binding interactions with large DNA molecules.

13

C NMR

experiments are of limited diagnostic use as well, since Pt-C bonds are not relevant in the
interactions between Pt-drugs and DNA. 15N is potentially the most useful of the three nuclei
for SSNMR experimentation, though due to its low natural abundance (0.37%), expensive
isotopic labelling is necessary.
The 195Pt chemical shift is extremely sensitive to the local Pt environment, and has
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a known range of ca. 15000 ppm.29,30

195

Pt SSNMR powder patterns give valuable

information on both the platinum isotropic chemical shift and the chemical shift anisotropy
(CSA), which are extremely sensitive to structural modifications and Pt oxidation state
changes. However, these powder patterns are often very broad (i.e., covering thousands of
ppm/hundreds of kHz), making standard SSNMR experiments very time-consuming. The
inherently low sensitivity of such experiments is of concern for the potential examination of
the binding of platinum complexes to DNA chains, since the Pt content is very low in such
systems. However, the recently developed WURST-CPMG pulse sequence31-37 has shown
much promise for the rapid acquisition of broad powder patterns for spin-1/2 nuclei with
large CSAs, including 195Pt,38 as well as quadrupolar nuclei (spin > ½) such as 14N39-41 and
35

Cl,42,43 which are present in numerous cisplatin derivatives, and may also serve as useful

probe nuclei of structure and dynamics. Given the sensitivity of the

195

Pt CSA to subtle

structural changes, and the signal enhancement capabilities of the WURST-CPMG protocol,
it may be possible to gain rich structural information on Pt-containing biological systems;
but, it is necessary to make a preliminary study of the platinum CS tensors and the rapidity
with which high quality 195Pt NMR spectra can be acquired.
Herein, we describe the use of the WURST-CPMG pulse sequence, in combination
with frequency-stepped techniques (when necessary, vide infra),44-47 to acquire 195Pt, 14N, and
35

Cl SSNMR spectra of cisplatin and related systems, including transplatin (its trans isomer),

the second-generation chemotherapy drug carboplatin, as well as Pt(py)2Cl2 and Pt(en)Cl2.
The use of ultra-high magnetic fields (21.1 T) for

14

N and

35

Cl NMR experiments to

distinguish overlapping sites in spectra is also explored. The resulting data is then analysed
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to correlate observed

195

Pt,

14

N, and

35

Cl NMR parameters with the local structural

environments. Density functional theory (DFT) calculations on isolated molecules and DFT
plane-wave calculations on extended lattices have been applied to calculate the NMR
interaction tensors and aid in this correlation. These data allow us to comment on the nature
of structure and bonding which may affect the potencies of these compounds as antitumor
agents. In turn, this may lead to a deeper understanding of relationships between drug-DNA
interactions and drug efficacy, which may enable the rational design of new platinum-based
anti-cancer compounds.

2.3 - Experimental
2.3.1 - Sample Identities
cis-Pt(NH3)2Cl2 [cisplatin, cis-diamminedichloroplatinum(II)], trans-Pt(NH3)2Cl2
[transplatin,

trans-diamminedichloroplatinum(II)],

cis-dichlorobis(pyridine)platinum(II)],

and

cis-PtCl2(C5H5N)2

[C4H 6 (CO 2 ) 2 ]Pt(NH3 )2

[Pt(py)2Cl2,
[carboplatin,

cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II)] were purchased from Strem
Chemicals,

Inc,

and

(H2NCH2CH2NH2)PtCl2

[Pt(en)Cl2,

dichloro(ethylenediamine)platinum(II)] was purchased from Sigma Aldrich. All compounds
were used without further purification. See Scheme 2.1.
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Scheme 2.1. Structures of compounds: (a) cisplatin, (b) transplatin, (c) Pt(py)2Cl2, (d) Pt(en)Cl2, (e) carboplatin.

2.3.2 - Solid-State NMR
Solid-state NMR spectra were collected on a Varian Infinity Plus NMR spectrometer
with an Oxford 9.4 T (ν0(1H) = 399.73 MHz) wide-bore magnet with ν0(195Pt) = 85.59 MHz,
ν0(35Cl) = 39.17 MHz, and ν0(14N) = 28.89 MHz. All 1H, 195Pt, and 14N static experiments
were conducted using a Varian/Chemagnetics 5 mm HX static probe.

195

Pt magic angle

spinning (MAS) experiments were performed using a Varian/Chemagnetics 2.5 mm HX
probe. A Chemagnetics low-γ tuning box and preamp were used on the X channel for all 14N
NMR experiments. A Varian/Chemagnetics 5 mm HXY probe was used for all

35

Cl

experiments, due to its continuous tuning range in the 35Cl Larmor frequency region. All
samples were packed into 5 mm o.d. zirconia rotors or glass tubes.

195

Pt chemical shifts were

referenced with respect to 1.0 M Na2PtCl6 (aq) (δiso = 0.0 ppm), 35Cl chemical shifts were
referenced to NaCl (s) (δiso = -45.37 ppm), and 14N chemical shifts were reported with respect
to NH4Cl (s) (δiso = 0.0 ppm). A proton decoupling field of either 28 or 38 kHz was
employed in all experiments.
All 195Pt and 14N ultra-wideline static (i.e., stationary sample) NMR experiments were
conducted using the WURST-CPMG pulse sequence.31,32,35,48,49 WURST-80 pulse shapes
were used with a 50 µs WURST pulse length, a sweep rate of 40 MHz/ms from high to low
frequency (corresponding to a non-adiabatic π/2 pulse), and a spectral width of 2000 kHz in
all cases.
195

kHz.

Pt WURST-CPMG experiments used an experimentally optimized rf power of 39

Piecewise acquisitions were generally required for

195

Pt WURST-CPMG

experiments.44-47 Static 195Pt NMR echo spectra were acquired using a standard Hahn-echo
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experiment of the form (π/2)x - τ1 - (π)y - τ2 - acq, where τ1 and τ2 represent interpulse delays
of 40 and 20 µs, respectively. A π/2 pulse width of 2.5 µs and spectral width of 2000 kHz
were used.

195

Pt MAS NMR spectra of transplatin were acquired using a standard Bloch-

decay experiment, a π/2 pulse width of 1.0 µs and spectral width of 1500 kHz. Three
different spinning speeds were employed and 1H decoupling fields in excess of 70 kHz were
applied for all experiments. See Appendix A, Tables A1 - A3 for full listings of experimental
parameters.
Ultra-wideline 14N NMR experiments were carried out using the WURST-QCPMG
pulse sequence, employing an rf power of ca. 30 kHz for all experiments. The first-order
quadrupolar interaction dominates these spectra and results in powder patterns that are
symmetric about the isotropic shift value. Therefore, the low-frequency (right) portion of the
powder pattern was generated by mirroring the high-frequency (left) half of the powder
pattern about the isotropic shift value (taken from either the literature or DFT calculations).
Contributions from CSA are negligible in magnitude compared to the broadening from the
first-order quadrupolar interaction (i.e., the effect of an extraordinarily large isotropic
chemical shift, 500 ppm, on a 14N spectrum of CQ ~ 1 MHz at 9.4 T is only ca. 1.5 % of the
width of the powder pattern), as are contributions from the second-order quadrupolar
interaction.37 See Table A4 for a full listing of experimental parameters.
Ultra-wideline 35Cl NMR experiments at 9.4 T also utilized WURST-80 pulse shapes
and 50 µs WURST pulse lengths. A spectral width of 1000 kHz, WURST sweep rate of 20
MHz/ms from high to low frequency, and an rf power of 40 kHz were used for all
experiments. High-field static NMR experiments were performed on a 21.1 T Bruker Avance
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II NMR spectrometer (ν0(35Cl) = 88.13 MHz) at the National Ultrahigh-field NMR Facility
for Solids in Ottawa, ON, and samples were packed into 4 mm o.d. glass NMR tubes.
Spectra were acquired on a home-built 4 mm probe using the WURST-QCPMG pulse
sequence. A spectral width of 1000 kHz and WURST sweep rate of 20 MHz/ms from high
to low frequency was used for all experiments at 21.1 T. See Table A5 for a full listing of
experimental parameters.
Static 1H NMR spectra were acquired using a standard Bloch decay pulse sequence,
with a π/2 pulse width of 3.4 µs, spectral width of 100 kHz and recycle delay of 5 s.
Simulations of all static solid-state NMR spectra were performed using the
WSOLIDS software package.50 Simulations of the 195Pt MAS spectra of transplatin were
performed using the DMFit software program and employed an automated iterative fit
procedure as well as manual fitting of spectra.51 In all cases, uncertainties in extracted NMR
tensor parameters were estimated using bidirectional variation within the simulation software.
The uncertainties associated with individual CS tensor components (δ11, δ22, and δ33) were
calculated through propagation of error from experimental δiso, Ω, and κ values.

2.3.3 - Theoretical Calculations
First principles calculations of NMR tensor parameters were conducted on the
SHARCNET computer network.52 All calculations were performed on sets of coordinates
derived from reported crystal structures.53-56 Proton positions were geometry optimized using
a Broyden-Fletcher-Goldfarb-Shanno algorithm,57 due to the general unreliability of the
proton positions determined from X-ray diffraction experiments. The CASTEP software
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package58-61 in the Materials Studio 5.0 software suite uses the gauge-including projector
augmented wave algorithm (GIPAW).60 For all calculations, revised Perdew, Burke and
Ernzerhof (rPBE) functionals were used, along with the generalized gradient approximation
for exchange-correlation energy. The “fine” basis set accuracy within CASTEP was used to
automatically set plane wave basis set cutoffs (400 eV for all compounds except for
carboplatin, which was 550 eV) and Monkhorst-Pack k-space grid sizes.
DFT calculations on isolated molecules were performed using the NMR program62
in the Amsterdam Density Functional (ADF) suite,63,64 employing all-electron gauge
including atomic orbitals (GIAO) basis sets for all atoms.65,66 The electron exchange and
correlation functionals BLYP,67,68 VWN-BP,69-71 and VWN-rPBE72,73 were used with
Slater-type orbitals. Calculations labelled as relativistic used the zeroth-order regular
approximation (ZORA),74,75 with either a double-ζ polarized (DZP), triple-ζ polarized (TZP),
triple-ζ double-polarized (TZ2P), or quadruple-ζ quadruple-polarized (QZ4P) basis sets on
all atoms. For the case of ZORA/DZP, Pt atoms used a ZORA-adapted TZP basis set. For
non-relativistic calculations, DZP, TZP, TZ2P, and QZ4P basis sets were used on all atoms;
however, Pt atoms used at least a ZORA-adapted TZP basis set. The platinum chemical shift
reference for DFT calculations on isolated molecules was a geometry-optimized gas phase
PtCl62- molecule constrained to Oh symmetry.76,77 No similar reference is available for
plane-wave calculations.
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2.4 - Results and Discussion
First, 195Pt solid-state NMR data are presented. WURST-CPMG NMR spectra and
platinum chemical shift (CS) tensor parameters derived from analytical simulations are
discussed, along with refined CS tensor data obtained via the acquisition and simulation of
Hahn-echo spectra and CS tensor parameters obtained from
(MAS) spectra of transplatin.

195

Pt magic-angle spinning

195

Pt T1 and T2 relaxation data are also presented. First

principles calculations of the platinum nuclear magnetic shielding (MS) tensors and their
orientations are presented, accompanied by discussion of their correlation to spectral
appearance and molecular structure. Following this, 14N SSNMR spectra and concomitant
relaxation data are presented, along with ab initio calculations of 14N electric field gradient
(EFG) tensors. Lastly, 35Cl SSNMR data for cisplatin and transplatin are discussed, along
with theoretically derived 35Cl EFG tensors and their orientations.

2.4.1 - 195Pt WURST-CPMG SSNMR Experiments: Cisplatin and Transplatin
195

Pt NMR spectra are presented in Figure 2.1 and associated CS tensor parameters

are listed in Tables 2.1 and A6. Both of the patterns are strikingly broad, each measuring ca.
775 kHz from end to end. Their isotropic shifts, δiso, and spans, Ω, are similar, and consistent
with Pt(II) centres in chemically similar, square- planar environments.29
The dissimilarity in spectral appearance arises from the distinct skew (κ) values. The
κ for cisplatin is -0.94(2), which indicates that the CS tensor has near-axial symmetry, and
that δ11 is the distinct component (i.e., δ22 . δ33). The transplatin has a κ of -0.59(2), which
indicates that the CS tensor is less axially symmetric (δ22 and δ33 are no longer almost equal),
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Figure 2.1. Static WURST-QCPMG 195Pt NMR spectra (bottom trace) and simulations
(top trace) of (a) cisplatin and (b) transplatin.
Table 2.1.

195

Pt static NMR experimental parameters.
κd

Compound Method a δ11 (ppm) δ22 (ppm)

δ33 (ppm) δiso (ppm) b Ω (ppm) c

cisPtCl2(NH3)2

E

4099(62) -4697(60)

-4877(55)

-1825(50)

8975(50)

-0.96(1)

transPtCl2(NH3)2

E

3260(42) -4020(41)

-5840(35)

-2200(25)

9100(50)

-0.60(1)

M

2884(690) -3717(737) -5689(544)

-2174(4)

Pt(py)2Cl2

E

3705(44) -4809(41)

-4895(33)

-2000(25)

8600(50)

-0.98(1)

Pt(en)Cl2

E

3342(33) -4900(34)

-4983(24)

-2180(15)

8325(40)

-0.98(1)

Carboplatin

E

4576(45) -4927(44)

-4974(34)

-1775(25)

9550(50)

-0.99(1)

a

8573(1000) -0.54(25)

Where E denotes that the standard Hahn-echo pulse sequence was used and M denotes that a magic angle
spinning (MAS) experiment was employed at a spinning speed of 26 kHz. See Supporting Information, Tables
A1, A2, and A3 for experimental details. b Isotropic chemical shift: δiso = (δ11 + δ22 +δ33)/3.
c
Span: Ω = δ11 - δ33. d Skew: κ = 3(δ22 - δiso)/Ω.
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but δ11 is still the distinct component. Given the local square planar geometries common to
these two molecules, it is likely that the δ22 and δ33 components of the CS tensor are oriented
within (or close to) the square plane, with δ11 perpendicular to this plane. Despite the
comparable geometric parameters of these isomeric square planar complexes (Table A6), the
dissimilar skew values may arise from the distinct cis- and trans- structural arrangements, and
possibly intermolecular interactions (Figure 2.2). The cisplatin crystal structure reveals that
the molecules form columns in which the square planes are approximately parallel, with
alternation of the positions of the -NH3 and -Cl ligands, and relatively short inter-molecular
Pt-Pt interactions (Pt-Pt distance of ca. 3.4 Å). The transplatin molecules do not form a
parallel stack; rather, the stack alternates between one unit with its square plane oriented
perpendicular to the axis of propagation of the stack, and another which is “tilted” with
respect to this axis. The latter has a short PtþH distance of ca. 2.6 Å between its own NH3
protons and the Pt centres of the adjacent “perpendicular” units. There are some
intermolecular Clþ H distances in both compounds (ca. 2.3 - 2.4 Å) which may also affect
the CS tensor. The extended structure and packing of these compounds may affect the 195Pt
CS parameters, and the environment beyond the isolated molecule must be taken into
consideration when rationalizing the origins of the 195Pt CS tensors. This is discussed further
in the computational section below.
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Figure 2.2. Local structure of (a) cisplatin and (b)
transplatin. Dashed lines indicate Pt-Pt and Pt-H contacts.
Contacts are shown on the bottom transplatin Pt for clarity.
2.4.2 - Pt(py)Cl2, Pt(en)Cl2 and Carboplatin
Much like cisplatin, these compounds yield spectra which indicate CS tensors with
high degrees of axial symmetry (Figure 2.3), with κ values near -1 in all cases. Span values
within this series of compounds are similar to those for cisplatin and transplatin. The span
of 8350(50) ppm for Pt(en)Cl2 agrees reasonably well with the previously reported span of
8100(200) ppm determined from an MAS spectrum.78 Although these spectra appear to be
very similar, they are distinguished by their unique δiso and Ω values, which result from the
extreme sensitivity of the platinum CS interaction to the local environment (i.e., bonding,
ligands, intermolecular interactions, etc.). In particular, it is the δ11 parameters, which reflect
major changes in paramagnetic shielding contributions, which show the greatest variation in
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this series. The tensor orientations are likely to be similar to those described for cisplatin and
transplatin, with δ11 oriented perpendicular to the square plane in each case.

Figure 2.3. Static WURST-CPMG 195Pt NMR spectra (bottom trace) and simulations
(top trace) of (a) Pt(py)2Cl2, (b) Pt(en)Cl2, and (c) carboplatin.

2.4.3 - 195Pt Hahn-Echo SSNMR Experiments
CPMG-based pulse sequences yield echo trains which can be processed in two
different ways: one may either Fourier transform the entire echo train to obtain a series of
“spikelets”, the outer manifold of which matches the true static pattern, or alternatively, one
may shift and co-add all of the echoes together in the time domain, and Fourier transform the
resulting FID to yield a standard static pattern (Appendix A, Figure A1). In either case, the
S/N is generally much higher than the corresponding static pattern obtained via routine
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Bloch-decay or Hahn-echo techniques (depending on favourable T2 characteristics of the
nucleus being observed); however, the resolution of the resulting CPMG pattern is limited
by factors such as the number of points per echo and the inter-echo spacing in the time
domain.79
As seen for the 195Pt WURST-CPMG spectra above, localization of signal intensity
under the individual spikelets yields high S/N spectra, allowing for the efficient acquisition
of broad patterns, however, accurate determination of CS tensor parameters is limited by the
spectral resolution of the spikelet manifold (i.e., the frequency spacings of the spikelets), and
is subject to a greater degree of uncertainty than determination of parameters obtained from
higher-resolution static powder patterns. The reduced uncertainties, however, come at the
cost of high experimental times for standard Hahn-echo experiments, since the signal is no
longer concentrated into a discrete number of spikelets, but rather, spread out over a
continuous pattern. Furthermore, it is important to note that the WURST component of this
sequence further reduces experimental times for the acquisition of broad patterns, due to the
much larger excitation bandwidths.
In order to obtain increasingly accurate CS tensor parameters, Hahn-echo experiments
were carried out, but only near the discontinuities corresponding to the principal components.
Fourier transformation of these sub-spectra yield higher-resolution patterns from which the
precise locations of the discontinuities can be identified, which in turn decreases the
uncertainties associated with the CS tensor parameters (Tables 2.1 and A6, Figure A2). In
almost all cases, acquisition of high-quality Hahn-echo spectra of spectral regions near the
discontinuities took three times as along as the acquisition of the entire powder pattern (high
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S/N, distortion-free) using the WURST-CPMG pulse sequence (Tables A1 and A2). The use
of fewer sub-spectra (i.e., a larger step size in the piecewise acquisition method) results in
patterns that still yield accurate CS parameters, albeit with considerable “cosmetic” defects
(i.e., systematic modulation of powder pattern intensities, Figure A3). We note that the
WURST portion of the sequence can be used to sweep frequency ranges much broader than
presented herein; however, the WURST excitation and detection bandwidth is limited by the
Q of the probe.
From these results, and similar studies we have conducted using WURST-CPMG on
spin-1/2 nuclides with broad patterns,38 we can conclude that the best manner to proceed for
rapid spectral acquisition and accurate determination of CS tensor parameters is to acquire
a lower-resolution, high-S/N, WURST CPMG pattern to map out the total shape of the
CSA-dominated pattern and obtain the CS tensor parameters, and then, if lower uncertainties
are required, to acquire higher-resolution, low-S/N Hahn-echo spectra in the locales of the
discontinuities to refine the CS tensor parameters.

We note that the differences in

uncertainties in the CS tensor parameters between the two types of spectra are not large
(Table A7), and that in most instances, the rapid WURST CPMG experiments can be
conducted independently to obtain high quality CS tensor data.

2.4.4 - 195Pt MAS SSNMR Experiments
195

Pt MAS NMR experiments are commonly employed to acquire high S/N SSNMR

spectra which can be utilized to extract CS tensor parameters. MAS experiments are of great
value for determining isotropic chemical shifts associated with multiple sites, and for
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approximate determinations of CS tensor parameters when standard rectangular pulses are
unable to excite the extremely broad powder patterns. The accurate determination of CS
tensor parameters utilizing Herzfeld-Berger analysis of spinning sidebands (SSBs) in MAS
spectra is highly dependent upon both peak positions and intensities. While we have no issue
with the SSB positions (which are established with stable MAS speeds), we are sceptical of
the intensities of the SSBs on the outer limits of broad MAS patterns and their relation to the
CS tensor parameters. Furthermore, we believe that there is some degree of variation in these
intensities depending upon the finite pulse width, pulse power, rise/fall times, etc. that HB
analysis does not take into account, which can result in large errors/uncertainties in the CS
tensor parameters extracted from such spectra. To further examine this, we conducted MAS
NMR experiments on the transplatin complex for comparison to our static WURST-CPMG
NMR spectra.
It is possible to obtain a broad, high S/N pattern of transplatin with a standard
Bloch-decay MAS experiment using a 2.5 mm o.d. rotor and a pulse of appropriately short
length (e.g, 1.0 µs). The MAS spectrum obtained for transplatin (Figure 2.4) is of roughly
the same breadth as the static powder pattern, giving the impression that the pattern is
uniformly excited, and that only a single experiment is necessary (i.e., no multiple
sub-spectra). SIMPSON numerical simulations (Figure A4), which consider finite pulse
lengths and excitations, verify that the experimental pulse length and rf power (1.0 µs and
250 kHz, respectively) are appropriate for uniform excitation of the powder pattern. It should
be noted that another set of SIMPSON simulations indicates that SSNMR pulses for routine
experiments (i.e., 3.0 µs pulse length and 83.3 kHz rf power) would clearly fail to wholly
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excite the powder pattern (Figure A5).

Figure 2.4. Experimental 195Pt MAS spectrum of transplatin at a speed of 26 kHz
(bottom trace), analytical simulation of experimental pattern (middle trace), and
analytical simulation of experimental spectrum using parameters extracted from static
experiments (top trace).
While the isotropic shifts can now be accurately measured (vide infra) from the MAS
spectra, HB analysis yields parameters which are different than those obtained via static
experiments, and which have much larger uncertainties (Table 2.1). The ambiguities
associated with the HB analysis are clearly evident by an inspection of the calculated contour
map (Figure S6). The calculation of accurate tensor parameters relies on proper selection of
the point at which the most contour lines intersect; however, there are several points in the
plot that could fulfill these criteria due to the large number of spinning sidebands (even at the
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high spinning speed of 26 kHz). The MAS spectrum was also simulated using parameters
extracted from static experiments; however, this fit does not appear to be drastically different
from the best fit of the MAS data. Therefore, the similarity of these two MAS patterns, as
well as the ambiguities associated with the HBA contour map(s), suggest that anisotropic CS
parameters extracted solely from this MAS spectrum are expected to have very high degrees
of uncertainty compared to those obtained from analysis of corresponding static spectra.80
MAS experiments were conducted at three different spinning speeds to determine δiso
to a high degree of accuracy, and to examine δiso shifts as a result of frictional heating of the
rotor at higher spinning speeds. Values for δiso of -2174(4), -2195(5) and -2178(10) ppm
were determined from spectra acquired at spinning speeds of 26, 25 and 15 kHz, respectively.
Each of these spectra has at least 30 SSBs, and are accordingly challenging to phase; hence,
prior to Fourier transformation, the FID data was left shifted to the top of the first echo.
Unfortunately, the positions of sidebands (and the isotropic peak) vary slightly with the
choice of phasing parameters; this issue is particularly pronounced in the 25 kHz MAS
spectrum. The values of δiso do not seem to have any temperature dependence in this case;
however, for similar applications to nuclei like 207Pb, where the effects of temperature on δiso
have been well documented,81-83 one must always take frictional heating into account, and
calibrate the MAS probe accordingly. We note that the isotropic peak of transplatin has a
linewidth of 1030 Hz and shows no evidence of J-coupling or residual dipolar coupling to
nearby nuclei (Figures A7 and A8).
195

Pt MAS NMR spectra of transplatin required ca. 20 hours of experimental time, in

comparison to ca. 4-5 hours for WURST-CPMG spectra. With the exception of δiso, CS
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tensor parameters are obtained faster and with a lower degrees of uncertainty with static
WURST-CPMG experiments. In addition, static experiments are not subject to frictional
heating, eliminating concerns regarding temperature dependence of the CS tensor parameters.
It is clear from these sets of data that static WURST-CPMG experiments offer numerous
advantages over conventional static Hahn-echo and MAS experiments, in terms of reduced
experimental times, spectral quality and accurate determination of CS tensor parameters.

2.4.5 - First Principles Calculations of Platinum Magnetic Shielding Tensors.
Comparison of Experimental and Calculated Results
First principles calculations of the platinum magnetic shielding (MS) tensor
parameters and the associated tensor orientations are integral for understanding their origins
and relations to molecular structure and symmetry. We are intentionally differentiating
chemical shift (CS or δ, experimentally determined) and magnetic shielding (MS or σ,
theoretically derived), though they can be related to one another either by choosing an
appropriate standard reference, or by plotting CS vs. MS, which yields a slope close to unity
in cases of good agreement. We note that it is possible to compare chemical shift and
magnetic shielding scales for the DFT calculations on isolated molecules, since a PtCl62anion can be utilized as a chemical shift reference; however, there is no similar reference
molecule/system for corresponding DFT plane-wave calculations. Platinum CS tensor
parameters derived from first principles calculations are given in Table 2.2. GIPAW
plane-wave DFT calculations were performed using the CASTEP software package and
standard DFT calculations were run using the ADF software package. CASTEP uses
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plane-wave trial functions incorporating effects of lattice periodicity to calculate NMR
properties, whereas ADF calculations involve conventional MO calculations on isolated
species or larger clusters. The ADF software package allows the user to include relativistic
contributions to the MS tensor parameters, an option which is absent in the CASTEP
program (vide infra).
Plots of δiso vs. σiso for GIPAW plane-wave DFT and standard DFT calculations
incorporating ZORA (Figure 2.5) show that the latter exhibit slightly better agreement with
experimental values, although both plots have similar correlation constant (R2) values. The
slope of the plot for the plane-wave calculations is -2.41 (far from ideal), with a R2 = 0.73,
whereas the slope of the plot for ZORA DFT calculations is -0.74 (if the outlier (Pt(py)2Cl2)
is excluded), with an R2 = 0.65. Unfortunately, there are not enough test systems to make a
meaningful linear correlation between δiso and σiso; however, when the absolute magnetic
shieldings are converted to chemical shifts (only for the ZORA DFT calculations, through
the use of PtCl62- reference calculations, vide supra), predicted and experimental δiso values
are similar. We note at this point that calculations were also conducted without taking
relativistic effects into account (data not shown); in most cases, very little difference was
observed between the two sets of calculations, with generally better agreement between
experiment and theory for the ZORA DFT set (Table A8).
The plane-wave DFT calculations consistently predict the values of κ with greater
accuracy than the corresponding DFT calculations on isolated molecules, and also predict
values of Ω which are closer to experimental values (though both methods underestimate the
values of Ω for all systems). The underestimation of Ω values seems to stem from the
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out-of-plane σ11 components, since in most cases, the σ22 and σ33 are predicted to be close to
one another. The deshielding contributions to σ11 are the most challenging to calculate, since
they involve an accurate description of the excited (virtual) orbitals involved in magnetic
shielding. The success of the plane-wave calculations infers that intermolecular interactions
are likely to play an important role in determining the nature of the MS tensor. Unfortunately,
current analyses of contributions of the individual orbitals to the MS tensors are currently
limited to DFT calculations on isolated systems and large clusters.83-85 Calculations of the
Pt MS tensor for a large cluster modelled from the known crystal structure, while time
consuming, would certainly yield valuable quantitative information on the intra- and
intermolecular contributions to MS; however, relativistic calculations of such large clusters
would be extremely computationally intensive and is therefore beyond the scope of the
current study.

Figure 2.5. (a) Calculated 195Pt MS vs CS values using plane-wave DFT calculations.
The red line corresponds to y = -x + 800. The blue line is a line of best fit to the data
(y = -2.41x - 1950, R2 = 0.7301). (b) Calculated 195Pt MS vs CS values using standard
DFT (BLYP) calculations. The red line corresponds to y = -x + 1825. The blue line is a
line of best fit to the data disregarding an outlier (y = -0.74x + 2306, R2 = 0.648). The
green outlier is Pt(py)2Cl2.
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Table 2.2.

195

Compound

Pt experimental and calculated CS tensor parameters. a
δ11/σ11
(ppm) b

δ22/σ22
(ppm) b

δ33/σ33
(ppm) b

δiso/σiso
(ppm) b,c

Ω (ppm)

κ

4099(62)

-4697(60)

-4877(55)

-1825(50)

8975(50)

-0.96(1)

-2323

5344

5551

2857

7874

-0.95

BLYP

1116

-3196

-4207

-2095

5323

-0.62

VWN+BP

1023

-3368

-4362

-2235

5385

-0.63

VWN+rPBE

1009

-3334

-4338

-2221

5346

-0.62

3260(42)

-4020(41)

-5840(35)

-2200(25)

9100(50)

-0.60(1)

-1074

5152

6186

3421

7260

-0.72

BLYP

1538

-3181

-4885

-2176

6423

-0.47

VWN+BP

1440

-3336

-4955

-2284

6395

-0.49

VWN+rPBE

1422

-3299

-4967

-2282

6389

-0.48

3705(44)

-4809(41)

-4895(33)

-2000(25)

8600(50)

-0.98(1)

-1636

4534

4743

2547

6379

-0.93

BLYP

1457

-2500

-3009

-1351

4466

-0.77

VWN+BP

1379

-2531

-3052

-1401

4431

-0.76

VWN+rPBE

1382

-2562

-3057

-1413

4439

-0.78

3342(33)

-4900(34)

-4983(24)

-2180(15)

8325(40)

-0.98(1)

-1414

5713

5713

3338

7127

-1.00

BLYP

1046

-3817

-3913

-2228

4958

-0.96

VWN+BP

941

-3954

-4023

-2345

4964

-0.97

VWN+rpBE

934

-3953

-4003

-2341

4936

-0.98

4576(45)

-4927(44)

-4974(34)

-1775(25)

9550(50)

-0.99(1)

-3009

4631

4682

2101

7691

-0.99

BLYP

2381

-3820

-3849

-1763

6230

-0.99

VWN+BP

2262

-3969

-4015

-1907

6277

-0.99

VWN+rPBE

2228

-3934

-3958

-1888

6187

-0.99

Method

cis-PtCl2(NH3)2
Experimental d
Plane-wave DFT
Standard DFT

e

trans-PtCl2(NH3)2
Experimental
Plane-wave DFT
Standard DFT

Pt(py)2Cl2
Experimental
Plane-wave DFT
Standard DFT

Pt(en)Cl2
Experimental
Plane-wave DFT
Standard DFT

Carboplatin
Experimental
Plane-wave DFT
Standard DFT

a

Tabulated standard DFT calculations were all performed using a quadruple-ζ quadruple-polarized (QZ4P) basis set on all atoms, and
zeroth-order regular approximation (ZORA) for relativistic effects. b Column refers to chemical shifts (δ) for experimental values and
standard DFT calculated values, and magnetic shieldings (σ) for plane-wave DFT calculated values. c See Figure 2.5 for plots of σiso
vs δiso. d Reported parameters and associated uncertainties are determined from simulations of CPMG spectra, followed by refinement
with Hahn-echo experiments near the discontinuities corresponding to the principal components. e Calculated MS parameters (σ11, σ22,
σ33, and σiso) were converted to CS parameters (δ11, δ22, δ33, and δiso) via calculations on a PtCl62- reference unit.
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2.4.6 - Platinum MS Tensor Orientations
As documented previously,78,86-91 square planar Pt complexes normally have platinum
CS tensors with large spans (i.e., > 3000 ppm) and axially symmetric CS tensors (i.e.,
κ = ± 1). All of the 195Pt SSNMR spectra presented herein have a characteristic appearance
due κ values near -1, indicating that two principal components of the CS tensor, δ22 and δ33,
are quite similar, and the third principal component, δ11, is distinct. The symmetries of these
systems suggest that δ11 should be oriented perpendicular to the square plane in each case,
with δ22 and δ33 constrained to the square plane. Since the CS tensor symmetry is so close
to -1, δ22 and δ33 are very similar, and their orientations within the plane are irrelevant.
Examination of the platinum MS tensor orientations for all of the systems herein reveals that,
in every case, the distinct σ11 component corresponds to a direction perpendicular to the
square plane (Figure 2.6), in agreement with our predictions from experimental data. In
transplatin, σ22 and σ33 lie roughly along Pt-N and Pt-Cl bonds, which coincide with mirror
planes of symmetry. Pt(py)2Cl2, Pt(en)Cl2 and carboplatin all have one of σ22 or σ33 located
approximately along a mirror plane. Clearly, the CS tensor orientation in most square planar
Pt complexes is dictated by molecular symmetry elements, though the tensor components are
not oriented precisely along/in these symmetry elements, since these are not idealized gas
phase structures. Strangely, in cisplatin, the σ22 and σ33 components are not aligned exactly
on any particular symmetry axis, with σ33 oriented between a Pt-NH3 bond and a twofold
rotational axis. However, roughly along the direction of σ33 in cisplatin lies an adjacent -NH3
group (Ptþ H distance of ca. 4.5 Å) and -Cl atom (Ptþ Cl distance of ca. 4.45 Å), which may
explain the peculiar CS tensor orientation. In the absence of high molecular symmetry, the
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case of cisplatin illustrates that intermolecular interactions can play a role in influencing the
CS tensor orientation.

Figure 2.6. Calculated 195Pt MS tensor orientations from standard DFT calculations
(plane-wave DFT calculations predict similar orientations). (a) Cisplatin, (b) transplatin,
(c) Pt(py)2Cl2, (d) Pt(en)Cl2, and (e) carboplatin. σ11 is perpendicular to the page in all
instances.

2.4.7 - 195Pt T1 and T2 relaxation Measurements
While conducting WURST-CPMG 195Pt NMR experiments on these five systems, we
observed very different relaxation characteristics, including the longitudinal relaxation time,
T1, which determines the pulse delay required between acquisitions, and the transverse
relaxation time, T2, which determines how many echoes can be collected per scan (vide
infra). It is possible that these relaxation parameters could also be of use in identifying
and/or distinguishing structurally similar Pt(II) complexes in cases where the chemical shift
parameters are very similar.
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The difference in T1 values is readily apparent from the optimized experimental pulse
delays employed in WURST-CPMG experiments (Table A1). Cisplatin, transplatin, and
carboplatin all required a pulse delay of 120 s between scans, while Pt(py)2Cl2 required 30
s and Pt(en)2Cl2 only 1 s. Due to the long inter-pulse delays for the majority of these systems,
we could only obtain accurate measurements of the T1 value of Pt(en)2Cl2. A standard
inversion-recovery experiment revealed that T1 < 200 ms for Pt(en)2Cl2, a surprisingly small
value that is due to the presence of the ethylenediamine ligand (vide infra).

195

Pt T2

relaxation time constants for all systems were determined by fitting the intensity of the echoes
in the 195Pt WURST-CPMG FIDs as a function of time and fit to mono-exponential decays
(Table A9). Values of T2 range across one order of magnitude, from 15.2 ms (transplatin) to
3.86 ms (Pt(en)2Cl2). For all compounds, distances between the 195Pt centre and the closest
protons in the molecule all range between 2.5 and 3.0 Å; hence, the nature of the protons, and
not simply their distance from Pt must be carefully considered.
The extremely rapid T1 and fast T2 relaxation of Pt(en)2Cl2 may result from proton
motion arising from some degree of flexibility of the bidentate ethylenediamine ligand, which
forms a five-membered ring with Pt. Protons attached to this ligand should have some
freedom of movement, especially perpendicular to the plane of the molecule. This may cause
significant variation in the local magnetic field at the Pt nucleus, perhaps resulting in efficient
longitudinal and transverse relaxation. Cisplatin, transplatin and carboplatin all possess
much larger T1 values and longer T2 values by comparison. Like Pt(en)2Cl2, cisplatin and
transplatin also feature two Cl atoms bound to Pt; however, the latter two systems have two
-NH3 groups bound to Pt. Carboplatin has a rigid five-membered ring structure that includes
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Pt, but also has two Pt-bound -NH3 groups. The -NH3 protons rapidly reorient in the solid
state in all of these systems, however, it is clear that this motion does not substantially affect
the T1. This could be because the motion (and associated fluctuating magnetic fields) is
simply too fast to make substantial dipole-dipole contributions to the T1 (i.e., no significant
contributions to spectral density at the Larmor frequency) at the and/or that the Pt-H dipolar
coupling constants are being partially motionally averaged.
The T2 values should be affected by dipole-dipole relaxation. Hence, the effect of
variable-field proton decoupling on 195Pt T2 values of cisplatin was also examined (Figure A9,
Table A10). Increases in applied decoupling fields correlate directly with longer T2 values,
confirming that T2 contributions from 195Pt-1H heteronuclear dipolar dephasing are important.
Interestingly, analysis of WURST-CPMG echo trains from experiments conducted with
transmitter frequencies positioned near the two discontinuities of the powder pattern of
cisplatin indicate that 195Pt T2 anisotropy is present (Table A11, Figure A10). For instance,
at the leftmost discontinuity, the T2 is clearly larger than that measured at the rightmost
discontinuity. This indicates that crystallites (and by extension, CS tensors) with particular
orientations with respect to the magnetic field have 195Pt nuclei which experience different
secular and/or non-secular contributions to relaxation.

The leftmost and rightmost

discontinuities correspond to CS tensors which have angles of θ = 0o and 90o, respectively,
where θ is the angle between the magnetic field, B0, and the largest component of the CS
tensor, δ33. Since δ33 is oriented within the square plane of the cisplatin units, θ may be also
used to approximately describe the angle between B0 and the square plane. At this time, we
are uncertain as to why the 195Pt T2 values are reduced for cisplatins with their square planes
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oriented perpendicular to B0, and increased for those that are parallel. Certainly, the precise
origins of the 195Pt T2 anisotropy could be probed via measurements of T2 values for various
crystallite orientations at multiple fields and with variable 1H decoupling field strengths, in
order to deconvolute contributions from CSA and dipole-dipole relaxation mechanisms;
however, this is beyond the scope of the current work, and will be the subject of a future
study.

2.4.8 - 14N WURST-QCPMG SSNMR Experiments
14

N NMR spectra are shown in Figure 2.7 and experimental electric field gradient

(EFG) tensor parameters are listed in Table 2.3. Since 14N is a quadrupolar nucleus with a
nuclear spin of I = 1, the first-order quadrupolar interaction dominates the appearance of
these spectra; the narrowest spectral breadth is ca. 1 MHz for cisplatin. The effects of the
second-order quadrupolar interaction are much smaller in comparison, and have no real
influence on these broad spectra. Furthermore, since 14N has an integer nuclear spin, there
is no central transition (i.e., +½ :-½, CT), but only satellite transitions (i.e., +1:0 and 0:-1,
ST). Contributions to spectral appearance from nitrogen CSA are also negligible;37 for
example, Santos et al. reported a span of 80-100 ppm for a cisplatin analogue containing a
bidentate ligand and two -NH3 groups.92 All spectra were obtained in a single experiment
(i.e., piecewise acquisition was not required) by acquiring the high-frequency (left) half of
the pattern using the WURST-QCPMG pulse sequence, as described in the experimental.
The 14N NMR spectrum of cisplatin took ca. 3.5 hours to acquire, while spectra of transplatin
and carboplatin were each acquired in about an hour or less (Table A4). Spectra could not
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be acquired from Pt(py)2Cl2 and Pt(en)Cl2 due to unfavourable relaxation characteristics (low
T2 values) and/or potentially larger 14N CQ values (as predicted by first principles calculations,
vide infra).

Figure 2.7. Static WURST-QCPMG 14N NMR spectra (bottom trace) and simulations
(top trace) of (a) cisplatin, (b) transplatin, and (c) carboplatin.

Table 2.3. Experimental 14N EFG tensor parameters. a
|CQ| (MHz) b

ηQ c

cis-PtCl2(NH3)2

0.77(3)

0.11(2)

trans-PtCl2(NH3)2

1.10(2)

0.05(3)

Carboplatin

0.94(2)

0.24(3)

Compound

a 14

N spectra were not obtained for Pt(py)2Cl2 and Pt(en)Cl2 due to small T2 value. b Quadrupolar coupling
constant: CQ = eQV33/h, where the principal components of the EFG tensor are defined as |V33| > |V22| > |V11|.
Only the absolute value of CQ can be obtained from NMR experiments, not its sign. c Asymmetry parameter:
ηQ = (V11 - V22)/V33.
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The 14N NMR spectra reveal moderate CQ values (ca. 1 MHz) and ηQ values near zero.
The low ηQ values suggest, in all cases, that V33 is likely oriented along or near the Pt-N bond,
since |V33| > |V22| . |V11|. There are clear differences between the 14N spectra for cisplatin and
transplatin, with CQ’s of 1.10(2) and 0.77(3) MHz, respectively; however, measured 14N T2
values are similar (vide infra). The crystal structure for cisplatin indicates two distinct NH3
sites, though separate patterns are not observed in the 9.4 T spectra, indicating the sites are
similar and have comparable EFG tensor parameters. The sensitivity of the 14N EFG tensor
to nearby hydrogen bonding has been documented previously, so a closer examination of
intermolecular contacts is warranted.39 Cisplatin has intermolecular HþCl hydrogen bonds
between stacked -NH3 and -Cl ligands (ca. 2.3 Å from Cl to nearest N-bound proton), while
the transplatin has short intermolecular PtþH (ca. 2.6) and HþCl (ca. 2.4 Å) distances.
Hence, although the nitrogen chemical environments are superficially similar for the isolated
units, it is very likely that intermolecular interactions involving -NH3 protons result in
disparate CQ values (see the computational section below for further discussion).

2.4.9 - First Principles Calculations of 14N EFG Tensors
The 14N EFG tensors calculated using plane-wave DFT and standard DFT methods
are shown in Table 2.4. The plane wave calculations are clearly superior in terms of
agreement between experimental and theoretical values of CQ, with DFT calculations
resulting in overestimations of CQ by more than double in some cases. Although the sign of
CQ cannot be obtained via static WURST-CPMG experiments, calculations predict CQ to be
negative, indicating that the electric field becomes increasingly negative as the distance from
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the

14

N nucleus increases (along the direction of V33). The ηQ values for cisplatin and

transplatin are better predicted by plane wave calculations, whereas the DFT result for
carboplatin is superior (however, this may be fortuitous). The success of the plane wave
calculations strengthens the argument that intermolecular interactions (e.g., hydrogen
bonding) should be taken into account for 14N EFG tensors in these systems.39
In all cases, the largest components of the 14N EFG tensors, V33, are directed close to
the Pt-N bonds (Figure 2.8), which is expected due to the C3 rotational symmetry of the -NH3
group and the near-zero values of ηQ. The orientations of V22 and V11 are similar in cisplatin
and transplatin, with V22 located approximately in the square plane and V11 perpendicular to
this plane. For carboplatin, which has a value of ηQ further from zero, V22 and V11 are
predicted to be oriented out of and in the plane, respectively. Despite the difference between
experimental and calculated values of ηQ for the carboplatin, this distinct tensor orientation
is likely to be accurate, given that ηQ is further from zero than in the other systems, which
may result from its unique organic moiety. Interestingly, both DFT and plane-wave DFT
calculations predict similar EFG tensor orientations despite the dissimilar quadrupolar
parameters, which indicates that the intermolecular interactions have more influence on the
magnitudes of the EFG tensor components, as opposed to their orientations, which are largely
dependent on intramolecular structure and bonding.

Again, a full computational

quantification of these contributions utilizing DFT calculations on extended cluster models
is beyond the scope of the current work.39,9341
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Table 2.4. Experimental and calculated 14N EFG tensor parameters.
Compound
CQ (MHz) a

ηQ

cis-PtCl2(NH3)2
Experimental b

0.77(3)

0.11(2)

site 1

-0.79

0.14

site 2

-0.96

0.05

site 1

-2.37

0.25

site 2

-2.16

0.34

1.10(2)

0.05(3)

-1.00

0.02

site 1

-2.10

0.08

site 2

-2.08

0.12

0.94(2)

0.24(3)

Plane-wave DFT

-0.75

0.34

Standard DFT

-2.36

0.21

-

-

-1.46

0.07

site 1

-2.56

0.24

site 2

-2.61

0.19

-

-

-1.32

0.83

Plane-wave DFT
Standard DFT c
trans-PtCl2(NH3)2
Experimental
Plane-wave DFT
Standard DFT
Carboplatin
Experimental

Pt(py)2Cl2
Experimental
Plane-wave DFT
Standard DFT
Pt(en)Cl2
Experimental
Plane-wave DFT

-2.80
0.39
Standard DFT
Only the absolute value of CQ can be obtained from NMR experiments, not its sign. b No
evidence of multiple 14N sites were observed in the cisplatin spectrum. c Calculations were
performed using a triple-ζ double-polarized basis set on all atoms and the PBE
exchange/correlation density functional.
a
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Figure 2.8. Calculated 14N EFG tensor orientations of (a) cisplatin, (b) transplatin, (c)
carboplatin. V11 is perpendicular to the page in the case of cisplatin, V22 is perpendicular
to the page in the case of transplatin and carboplatin.

2.4.10 - 14N T2 Relaxation Measurements
The intensity of the echoes in the 14N WURST-QCPMG FIDs were plotted as a
function of time and fit to mono-exponential decays in order to determine the

14

N T2

relaxation time constants (Table A12, Figure A11). Unlike for the 195Pt T2 values, cisplatin,
transplatin and carboplatin all have similar

14

N T2 values, owing to their similar

14

N

environments. Since they all possess two Pt-bound NH3 groups, this suggests that the
primary mechanism of 14N T2 relaxation is governed by 14N-1H dipolar couplings, and that the
librational motions of the NH3 groups are similar in each system. This is substantiated by a
series of 14N NMR experiments on cisplatin in which the strength of the 1H decoupling field
was varied (Table A13, Figure A12). As the decoupling field is increased, the T2 value also
increases, confirming that heteronuclear dipolar coupling is the dominant mechanism.
Unfortunately, we were unable to increase the decoupling power past 38 kHz due to hardware
restrictions, which prevents us from completely decoupling protons and measuring a T2 with
no contributions from the heteronuclear dipolar relaxation mechanism.
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2.4.11 - 35Cl WURST-QCPMG SSNMR Experiments
35

Cl NMR spectra are shown in Figure 2.9 and experimental EFG tensor parameters

are listed in Table 2.5.

35

Cl is a quadrupolar nucleus (I = 3/2) and the breadth of the central

transition (+½ :-½, CT) is dominated by second-order quadrupolar broadening, especially
when the chlorine resides in a terminal environment (such as in cisplatin or transplatin).94
The wide breadths of these spectra are such that piecewise acquisitions of individual
sub-spectra are necessary to obtain the entire CT powder patterns.

Table 2.5. Experimental 35Cl EFG tensor parameters. a, b, c, d, e
Compound

Field

cis-PtCl2(NH3)2

9.4 T

trans-PtCl2(NH3)2 f
a

|CQ| (MHz)

ηQ

Ω (ppm)

β (deg)

site 1

32.5(3)

0.15(2)

0

0

9.4 T

site 2

31.5(3)

0.15(2)

0

0

21.1 T

site 1

33.8(2)

0.20(1)

650(300)

90(10)

21.1 T

site 2

32.8(2)

0.15(1)

650(300)

90(10)

21.1 T

site 3

34.6(2)

0.21(1)

650(300)

90(10)

9.4 T

36.6(2)

0.12(2)

0

0

21.1 T

37.3(1)

0.12(1)

650(300)

90(7)

35

These Cl spectra are dominated by the second-order quadrupolar interaction, making quantification of the
relatively much smaller chemical shift parameters (δiso, κ) impossible in almost all cases. b Only the absolute
value of CQ can be obtained from NMR experiments, not its sign. c At high field (21.1 T), Ω can be quantified,
since the effects of CSA on spectral appearance scale proportionately with magnetic field strength. d β
describes the angle between δ33 and V33 in the molecular frame, which are the largest components of the CS and
EFG tensor, respectively. e Since υo/υQ .2 for 35Cl at 9.4 T, the high-field approximation may no longer be valid
at 9.4 T and this low-field data should be considered preliminary. f A δiso value of 150 (75) ppm was required
to accurately simulate this spectrum.
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Figure 2.9. Static WURST-QCPMG 35Cl NMR spectra at a magnetic field of 9.4 T
(bottom trace) and simulations (top trace) of (a) cisplatin and (b) transplatin. Static
WURST-QCPMG 35Cl NMR spectra at a magnetic field of 21.1 T (bottom trace) and
simulations (top trace) of (c) cisplatin and (d) transplatin.
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The spectra of cisplatin and transplatin at 9.4 T are remarkably broad, with end-to-end
breadths of ca. 4.5 and 5.0 MHz, respectively, due to CQ values of ca. 32 and 36 MHz. These
CQ values are significantly higher than those previously reported for terminal metal-Cl sites
in group IV transition metal organometallic complexes.42, 94 The large breadths of the 35Cl
NMR spectra result in long experimental times: 14.25 hours (25 sub-spectra) for cisplatin and
16 hours (28 sub-spectra) for transplatin (Table A5). Our CQ values are similar to those
previously obtained utilizing

35

Cl NQR experiments; we note that ηQ values were not

reported.95 However, several issues arise upon inspection of our EFG tensor parameters and
overall spectral appearances. Firstly, although the transplatin spectrum has well-defined
discontinuities (i.e., “horns” and “edges”), these same regions of the cisplatin spectrum
appears “ragged” and poorly defined. The cisplatin spectrum could only be fit using two
unique 35Cl sites with identical ηQ values and similar CQ values; however, the uncertainties
involved with this fit are high. Secondly, neither cisplatin nor transplatin 35Cl spectra showed
any evidence of CSA effects (they are likely overwhelmed by the much larger effects of the
second-order quadrupolar interactions).42 If CQ values are low and central transition powder
patterns relatively narrow, CS tensor parameters may also be extracted; however, this is not
possible for the broad powder patterns in this case.
To refine the 35Cl EFG and CS tensor parameters, as well as to investigate the
presence of multiple Cl sites and reductions in experimental time, 35Cl SSNMR spectra of
both compounds were acquired at a magnetic field strength of 21.1 T (Figure 2.9(c) and (d)).
These spectra are much narrower than those acquired at 9.4 T, owing to the inversely
proportional relationship between the broadening effects of the second-order quadrupolar
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interaction and static magnetic field. The 35Cl spectrum of cisplatin at 21.1 T took only 30
minutes to acquire (7 sub-spectra) and is of superior S/N compared to the spectrum at 9.4 T.
Likewise, the spectrum of transplatin took only 13 minutes to acquire at 21.1 T. Initial CQ
values extracted from spectra obtained at 21.1 T are ca. 1 MHz higher than those from spectra
at 9.4 T, indicating that there may be significant chlorine CSA contribution that is
unaccounted for. Simulated spectra at 21.1 T for both compounds utilizing a Ω of 650 (300)
ppm seem to be in better agreement with experimental spectra, although these values are
subject to high degrees of uncertainty due to the breadth of the powder patterns. These spans
have negligible effects on spectra at 9.4 T, owing to the proportional relationship between
the broadening effects of CSA and static magnetic field. Alternately, the disagreement in CQ
values between spectra at 9.4 and 21.1 T could also be due to a failure of the high-field
approximation, which is not accounted for in the spectral simulation software, which treats
the quadrupolar interaction as a first-order perturbation on the pure Zeeman Hamiltonian.
Traditionally, the high-field approximation has been thought to be generally valid in cases
where υo/υQ . 10, though Bryce et al. have observed good agreement between experimental
127

I (spin = 5/2) SSNMR spectra and perturbation theory simulations in cases where

υo/υQ . 5.96 In the current case, υo/υQ . 2 at 9.4 T; however, simulations incorporating full
diagonalization of the Zeeman and quadrupolar Hamiltonians is beyond the scope of this
work. To this end, the data at 9.4 T in Table 2.5 should be considered preliminary.
Surprisingly, simulations of the cisplatin powder pattern at 21.1 T indicate that three
similar 35Cl sites are present in a 1:1:1 ratio. The spectrum may also be simulated with two
similar sites in an equal ratio, but the three-site fit models experimental data most accurately
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(Figure 2.10, Figure A13). We cannot comment definitively on the origin of these multiple
powder patterns; it is possible that the third pattern represents a polymorphic form of
cisplatin (perhaps from exchange of Cl for H2O ligands), which would certainly be evident
via 35Cl SSNMR.43 However, this seems implausible, given that solid-state exchange of this
sort would be highly energetically unfavourable, and would not occur readily for a sealed
sample.

Regardless of the origins of the additional powder pattern, the two sites

corresponding to the crystal structure of cisplatin can be readily distinguished from an
impurity by 35Cl SSNMR, particularly at high magnetic fields.

2.4.12 - First Principles Calculations of 35Cl EFG Tensors
Both plane wave and DFT MO calculations predict two magnetically distinct 35Cl
sites in cisplatin, with similarly high CQ and low ηQ values (Table 2.6), although values of CQ
are consistently overestimated for both compounds. Plane wave calculations predicts values
of ηQ to a higher degree of accuracy than the corresponding DFT MO calculations, again
indicating that intermolecular interactions (namely, ClþH hydrogen bonding) influence the
35

Cl EFG tensors.43 The calculated 35Cl EFG tensor orientations are identical for both

cisplatin and transplatin, with V33 directed along the Pt-Cl bond, V22 in the plane, and V11
perpendicular to the plane of the molecule (Figure 2.11).
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Figure 2.10. Static WURST-QCPMG 35Cl NMR spectra (bottom trace) and simulations
(top trace) of cisplatin at a magnetic field of 21.1 T, using (a) three unique 35Cl sites and
(b) two unique 35Cl sites. In both cases, sites are simulated with equal weighting.

Figure 2.11. Calculated 35Cl EFG tensor orientations of (a) cisplatin, (b) transplatin. V11
is perpendicular to the page in both instances.
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Table 2.6. Experimental and calculated 35Cl EFG tensor parameters.
Compound

Field

CQ (MHz) a

ηQ

Ω (ppm)

β (deg)

cis-PtCl2(NH3)2
Experimental

9.4 T

site 1

32.5(3)

0.15(2)

0

0

9.4 T

site 2

31.5(3)

0.15(2)

0

0

21.1 T

site 1

33.8(2)

0.20(1)

650(300)

90(10)

21.1 T

site 2

32.8(2)

0.15(1)

650(300)

90(10)

21.1 T

site 3

34.6(2)

0.21(1)

650(300)

90(10)

site 1

-36.2

0.14

334

site 2

-35.6

0.15

280

-41.8

0.04

243

-40.0

0.01

273

9.4 T

36.6(2)

0.12(2)

0

0

21.1 T

37.3(1)

0.12(1)

650(300)

90(7)

-42.4

0.12

250

site 1

-38.4

0.02

321

site 2

-36.7

0.11

268

Plane-wave DFT
Standard DFT b
trans-PtCl2(NH3)2
Experimental
Plane-wave DFT
Standard DFT
a

Only the absolute value of CQ can be obtained from NMR experiments, not its sign. b Calculations were
performed using a triple-ζ doubly-polarized basis set on all atoms and PBE exchange/correlation density
functional.

2.4.13 - 35Cl T2 Relaxation Measurements
In order to investigate whether

35

Cl T2 values are influenced by the 1H-35Cl

dipole-dipole relaxation mechanism, the effect of variable-field proton decoupling on the
center of the cisplatin powder pattern was explored (Figure A14, Table A14). As expected,
increases in the applied 1H decoupling field result in increases in observed T2 values, until
a range of ca. 29 to 35 kHz, implying that the 35Cl nuclei are effectively decoupled from all
nearby protons. The hydrogen-bonding environment about the 35Cl nuclei (Figure A15) has
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five protons arranged in a distorted square pyramidal geometry around chlorine, with HþCl
distances ranging from 2.3 to 2.6 Å, corresponding to fairly small individual H-Cl dipolar
couplings (e.g., an internuclear distance of 2 Å corresponds to a coupling constant of 1.5
kHz). This implies that it is not simply an individual 1H-35Cl dipolar coupling affecting the
35

Cl T2 value of cisplatin, but rather, dipolar coupling between 35Cl and a network of strongly

dipolar-coupled protons.
Finally, the broad 35Cl SSNMR spectra of cisplatin and transplatin spectra afford an
opportunity to probe for T2 anisotropy. The WURST-QCPMG echo trains of two cisplatin
sub-spectra situated over the “horns” of the 35Cl spectrum at 9.4 T yield a T2 value of 23.8
(3.5) ms for the high-frequency discontinuity and 15.7 (1.6) ms for the low-frequency
discontinuity, which correspond to crystallite orientations where V33 is oriented with respect
to Bo at 88E and 30E, respectively. It follows that cisplatin molecules with V33 oriented
perpendicular to Bo (i.e., 88E) have increased T2 values over those with V33 oriented at 30o .
The origins of this T2 anisotropy are uncertain at this time and will be investigated in a
forthcoming study; however, it does not appear to originate from 1H-35Cl dipole-dipole
coupling, since these experiments were run using an applied proton decoupling field of 35
kHz (which should result in complete decoupling, vide supra).

2.5 - Conclusions
The WURST-CPMG pulse sequence and frequency-stepped acquisition techniques
have been used to acquire 195Pt, 14N, and 35Cl SSNMR of cisplatin and related complexes.
All

195

Pt NMR spectra are very broad and have a characteristic appearance owing to the
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orientation of the CS tensor with respect to the square plane of the molecule (i.e., in each
case, δ11 is the distinct principal component, and oriented perpendicular to the square plane).
From our work on these broad patterns, we suggest that the best method for accurately
determining CS tensor parameters from broad patterns of spin-1/2 nuclei is to first acquire
the spectrum using the WURST-CPMG pulse sequence (rapid acquisition, high S/N,
relatively high accuracy for CS tensor components). If necessary, one can utilize echo
experiments of subspectra near the spectral discontinuities to refine the principal components,
and MAS experiments (when possible) to accurately measure the isotropic chemical shifts.
Plane-wave calculations for these systems consistently predict 195Pt CS tensor parameters to
a high degree of accuracy, save for δ11. The inconsistency of DFT calculations on isolated
molecules indicates that intermolecular interactions may play a significant role in determining
the origins of the 195Pt CS tensor parameters and orientations.

195

Pt relaxation times (T1 and

T2) show variation across this series of compounds; in particular, the T2 time constants are
facile to measure, and may be of use in distinguishing different Pt sites in spectra exhibiting
multiple powder patterns.

14

N WURST-QCPMG experiments, each acquired in a matter of

hours at normal magnetic fields, yielded EFG tensor parameters for three compounds.

35

Cl

WURST-QCPMG spectra of cisplatin and transplatin were acquired at two different fields,
and the dominant T2 relaxation mechanism in cisplatin was determined to arise from 1H-35Cl
dipolar coupling. The rapid acquisition of broad powder patterns using the WURST-CPMG
pulse sequence on pure compounds offers much promise for detection of nuclei in cisplatin
derivatives which are diluted in biological samples. In particular, the

195

Pt NMR spectra

should be the most effective in this respect, due to both the sensitivity of the 195Pt CS tensor
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to structural changes and the rapidity with which these spectra can be acquired. We plan to
further investigate systems related to cisplatin and its anti-cancer derivatives, and hope that
our work encourages more solid-state NMR studies in this area.
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Chapter 3: Solid-State NMR of Magnus' Green and Pink Salts
3.1 - Overview
A combination of multinuclear ultra-wideline solid-state NMR and powder X-ray
diffraction experiments, along with ab initio calculations of platinum magnetic shielding
tensors, have been employed to shed new light on the structures of Magnus' Green Salt
(MGS) and Magnus' Pink Salt (MPS), [Pt(NH3)4][PtCl4], along with their synthetic precursors
K2PtCl4 and Pt(NH3)4Cl2. A simple synthesis of MPS is detailed, which produces relatively
pure product in good yield. Broad 195Pt, 14N, and 35Cl SSNMR powder patterns have been
acquired using the WURST-CPMG and BRAIN-CP/WCPMG pulse sequences.
Experimentally measured and theoretical calculated platinum magnetic shielding tensors are
shown to be very sensitive to not only the types and arrangements of coordinating ligands,
but also to the intermolecular Pt-Pt metallophilic interactions. High-resolution 195Pt NMR
spectra of select regions of the broad 195Pt powder patterns, in conjunction with an array of
14

N and 35Cl spectra acquired using different pulse sequences and magnetic field strengths,

reveal clear structural differences between the starting reagents, MGS and MPS, the latter of
which has no known crystal structure to date. Powder X-ray diffraction patterns were
acquired utilizing a synchrotron source; subsequent Rietveld refinements of this data were
able to provide information on the space group and unit cell, as well as the positions of the
Pt atoms. The combination of ultra-wideline NMR, pXRD, and ab initio methods offers
much promise for the future investigation and characterization of Pt-containing systems.
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3.2 - Introduction
The most commonly encountered structural motif for platinum in the 2+ oxidation
state is the square planar complex. Square planar Pt(II) complexes are of great interest, both
in terms of their synthesis and usage in many areas of chemistry1-8 and biology.8-16 Much
research has been devoted towards the development of optically active materials with
“tunable” absorption and/or emission wavelengths, with practical applications for devices
such as solid-state sensors, electronic switches or laser-based devices. In particular, systems
that are based on a central square planar Pt(II) motif often exhibit unique optical properties,
which are attributed to the metal-ligand interactions, Pt-Pt metallophilic interactions between
adjacent layers, or both.5,17-21

The strength of the metallophilic interaction22-25 and

concomitant optical/electronic activity rely strongly on the Pt-Pt distance.
Two classic examples of colourful Pt complexes featuring metallophilic interactions
are Magnus’ salts, which have a long history of eluding structural characterization. Magnus'
Green Salt (MGS), [Pt(NH3)4][PtCl4], is a highly insoluble “double-salt” initially reported by
Magnus in 182826 and characterized as a one-dimensional polymeric complex of square
planar Pt layers (Scheme 3.1) over one hundred years later in 1957.27 The green colour of
MGS is attributed to nearest-neighbour Pt-Pt metallophilic interactions between adjacent
layers.28,29 For derivatives of MGS, a variety of colours, depending on temperature and
coordinating ligands, is often observed, and thought to be the result of modification of the
Pt-Pt distance between square planar layers.18,30,31 Interestingly, an elusive product known
as Magnus’ Pink Salt (MPS) may result from the synthesis of MGS under certain reaction
conditions, although the isolation of a pure MPS product (without a MGS co-product) is very
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challenging.27,30,32,33 It is postulated that MPS exhibits only a faint pink colour due to a longer
Pt-Pt distance than that of MGS, and corresponding reduction in the strength of the Pt-Pt
metallophilic interaction. Since MPS rapidly converts to MGS in solution, the growth of pure
MPS crystals suitable for conclusive single-crystal X-ray diffraction (XRD) studies has
proved elusive to date. The structure and composition of MPS are believed to be otherwise
identical to MGS.27

Scheme 3.1: Schematic representation of (a) K2PtCl4, (b) Pt(NH3)4Cl2•H2O, (c)
Magnus’ Green Salt ([Pt(NH3)4][PtCl4]) and (d) Magnus’ Pink Salt ([Pt(NH3)4][PtCl4]).
Depictions are based on experimentally-determined crystal structures, except for
Magnus’ Pink Salt, which has been postulated to adopt the shown arrangement, but has
no reported crystal structure to date.
Structural characterization of such systems is challenging, particularly when XRD
studies provide limited or no information (e.g., amorphous or partially disordered solids).
The nature of the coordinating platinum environment determines the reactivity and stability
of the complex; however, it is often difficult to probe this structural environment using
conventional methods. Platinum-containing compounds are often characterized using optical
spectroscopy, solution-state NMR (1H, 13C and 195Pt) and X-ray crystallography. Although
195

Pt solution-state NMR is widely employed,34,35 many platinum compounds have limited
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solubilities. In the case of highly soluble complexes, there is often only limited information
available from 1H and 13C NMR of organic ligands. Structural determination using XRD
techniques are limited by (i) the ability to produce suitable single crystals and (ii) the
crystallinity of the sample. In many cases, solid-state NMR (SSNMR) is ideal for structural
characterization, as a complementary or standalone technique. In particular, SSNMR
experiments on NMR-active transition metal nuclei, such as

195

Pt, can act as powerful

structural probes for a wide array of materials.
The platinum NMR chemical shift (CS) is extremely sensitive to the local platinum
environment, and has a known range of ca. 15 000 ppm.36,37

195

Pt SSNMR powder patterns

of square planar platinum compounds yield information on the anisotropic chemical shielding
and local electronic structure; however, they are often very broad and require time-consuming
experiments to acquire. Conventional static and magic-angle spinning (MAS) 195Pt NMR
experiments often result in low signal-to-noise (S/N) ratios and spectra of poor quality.
Experiments involving direct excitation of 195Pt are often very lengthy, as 195Pt T1 values are
usually on the order of tens of seconds to minutes in length. Cross-polarization (CP)
experiments are an option, but are often ineffective. Under static conditions, the excitation
bandwidths are extremely limited, and under the fast MAS conditions that are required for
broad patterns, CP efficiency is greatly reduced. Furthermore, MAS experiments require that
the magic angle be tuned with very high precision; even with accurate tuning, the low S/N
and non-uniform distribution of signal over the manifold of spinning sidebands often yields
unreliable CS tensor parameters.38
Recently, our research group introduced two pulse sequences that are effective for
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the efficient acquisition of ultra-wideline (UW) powder patterns. The Wideband Uniform
Rate Smooth Truncation Carr-Purcell Meiboom-Gill (WURST-CPMG) pulse sequence 39-43
is an echo-type sequence which employs WURST-80 pulses42 for broadband excitation and
a CPMG echo train for T2-dependent accumulation of echoes.44 As an alternative to direct
excitation (DE) if broadband CP is required, the Broadband Adiabatic Inversion pulses for
Cross-Polarization (BRAIN-CP) pulse sequence may be applied.45 BRAIN-CP features a
rectangular pulse on the H-channel and a WURST-80 pulse on the X-channel, which serve
to transfer polarization and store it along the -z axis. A broadband conversion pulse is used
to rotation polarization into the transverse plane. BRAIN-CP is easily combined with
WURST-CPMG (the combination of the two has been termed BRAIN-CP/WCPMG. For
brevity, WURST-CPMG and BRAIN-CP/WCPMG experiments are referred to as DE and
CP experiments, respectively. Both sequences are very useful for acquiring

195

Pt NMR

spectra, and render many previously uninvestigated platinum-containing compounds as
plausible targets for 195Pt SSNMR characterization.38,46,47
Herein, the use of multinuclear SSNMR experiments to study Magnus’ salts and their
associated starting reagents is discussed.

195

Pt SSNMR experiments conducted using the

WURST-CPMG, BRAIN-CP/WCPMG, and conventional Hahn-echo pulse sequences reveal
spectra which can be correlated to subtle structural differences between the two systems, via
extraction of the platinum CS tensor parameters.

14

N and 35Cl ultra-wideline SSNMR

experiments are also utilized to probe the molecular structures and assess sample purity.
Powder XRD experiments and concomitant Rietveld refinements and Lebail fittings are
utilized to predict a preliminary structure for MPS. First principles calculations of platinum
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nuclear magnetic shielding tensors, as well as an NLMO analysis of the molecular orbitals
which most influence shielding, lend insight into the relationships between NMR parameters
and molecular structure. Finally, we propose a comprehensive structural model of MPS
based on SSNMR and pXRD data, and discuss the use of these combined methodologies for
the study of a wide array of Pt-containing systems.

3.3 - Experimental
3.3.1 - Sample Identities
Pt(NH3)4Cl2•H2O [tetraamine platinum(II) chloride monohydrate], K2PtCl4 [potassium
tetrachloroplatinate(II)], and [Pt(NH3)4][PtCl4] (Magnus' Green Salt, MGS) [tetraamine
platinum(II) tetrachloroplatinate(II)] were purchased from Strem Chemicals, Inc. and used
without further purification.

3.3.2 - Synthesis of Magnus' Pink Salt (MPS)
Syntheses of MPS were attempted utilizing previously reported procedures;18,27,30,48-50
however, we were unable to attain a reasonably pure, stable sample of MPS from these
routes. Hence, a unique synthetic procedure was designed and optimized, which is detailed
as follows: two individual 0.0026 M reagent solutions were prepared in separate flasks by
dissolving either Pt(NH3)4Cl2•H2O (30 mg) or K2PtCl4 (37 mg) in 3 mL H2O, followed by the
addition of 31 mL acetone while stirring. All solutions and glassware were cooled to near
0EC. Although acetone and water are generally miscible, the disparate volumes of water and
acetone, low temperature of the system, and visual evidence of turbidity suggest that some
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degree of phase separation or containment (i.e., reverse micelles) was present. The individual
reagent solutions were then stirred and subsequently combined. The resulting solution was
stirred momentarily and then allowed to stand unagitated for ca. 10 s while a pink precipitate
formed. The product was obtained as a pink powder via vacuum filtration of the reaction
solution on a pre-chilled fine glass frit. The product was first washed with chilled acetone to
remove any water from the sample via displacement and minimize MGS coproduct
formation. Following this, the product was washed with a minimal amount (< 10 mL) of
chilled water to remove residual water-soluble reagents, Pt(NH3)4Cl2•H2O and K2PtCl4,
followed by a final wash with chilled acetone. Once dry, the frit and product were heated at
120EC for at least two hours in a lab oven to remove any trace acetone and water. The
product was removed from the frit and its identity and purity were confirmed in a preliminary
manner via known absorptions in its IR spectrum30 (Appendix B, Table B1 and Appendix B,
Figure B1) as well as elemental analysis (Table B2) and 1H SSNMR (Table B3, Figure B2).
The isolated yield of MPS was 70 %.
It is noted that after formation as a precipitate in solution, MPS rapidly converts to
MGS if it is not removed from solution and dried. It takes ca. 6-12 hours for this conversion
to occur to completion in the acetone/water volumes used in synthesis. This transformation
occurs much more rapidly at higher H2O concentrations, particularly as the product dries on
the frit. In addition, if the frit is moist when heated afterward, any MPS powder located on
damp regions rapidly converts to MGS. Once isolated after heating, MPS is stable for at least
six months (via SSNMR and IR analyses) under normal atmospheric conditions, but rapidly
converts to MGS if exposed to bulk water or aqueous solution.
109

3.3.3 - Solid-State NMR
All 1H, 195Pt and 14N solid-state NMR spectra were collected on a Varian Infinity Plus
NMR spectrometer with an Oxford 9.4 T wide-bore magnet with ν0(1H) = 399.73 MHz,
ν0(195Pt) = 85.59 MHz and ν0(14N) = 28.89 MHz. All 1H, 195Pt, and 14N static (i.e., stationary
sample) NMR experiments were conducted using a Varian/Chemagnetics 5 mm HX static
probe.

195

Pt and 1H magic-angle spinning (MAS) experiments were performed using a

Varian/Chemagnetics 2.5 mm HX probe. All samples for static experiments were packed
into 5 mm o.d. zirconia rotors or glass tubes, and samples for MAS experiments were packed
into 2.5 mm o.d. zirconia rotors. A Chemagnetics low-γ tuning accessory and preamplifier
were used on the X channel for all 14N NMR experiments. Platinum chemical shifts were
referenced with respect to 1.0 M Na2PtCl6 (aq) (δiso = 0.0 ppm) and nitrogen chemical shifts
were reported with respect to NH4Cl (s) (δiso = 0.0 ppm). All ultra-high field 35Cl static NMR
experiments were performed on a 21.1 T Bruker Avance II NMR spectrometer
(ν0(35Cl) = 88.13 MHz) at the National Ultrahigh-field NMR Facility for Solids in Ottawa,
Ontario, Canada. Spectra were acquired on a home-built 4 mm HX probe, with samples
packed into 4 mm o.d. glass NMR tubes. Chlorine chemical shifts were referenced to
NaCl (s) (δiso = 0 ppm).
195

Pt,

14

N and

35

Cl static UW NMR experiments were conducted using the

WURST-CPMG pulse sequence.39-43 Since powder patterns are too broad to acquire in a
single experiment, frequency-stepped acquisitions of individual sub-spectra were required,
with the overall powder patterns constructed from the co-addition or skyline projection of
sub-spectra.51-54

195

Pt and 14N NMR experiments used a 50 µs WURST-80 pulse, a sweep rate
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of 40 MHz/ms from high to low frequency over 2000 kHz, and a spectral width of 2000 kHz.
195

Pt and 14N WURST-CPMG experiments used 200 and 110 points per echo, respectively,

with experimentally optimized rf powers of 44 kHz and 30 kHz, respectively, and proton
decoupling fields ranging from 24 to 37 kHz. See Table B4 and B5 for a full listing of 195Pt
and 14N WURST-CPMG NMR experimental parameters. For all 35Cl WURST-CPMG NMR
experiments, a spectral width of 1000 kHz and WURST sweep rate of 20 MHz/ms from high
to low frequency were used, along with a 35Cl rf power of 35 kHz and 1H decoupling power
of 20 kHz. See Table B6 for a full listing of 35Cl NMR experimental parameters.
1

H-14N BRAIN-CP/WCPMG experiments45 employed a Hartmann-Hahn matching

field of 22 kHz, cross-polarization (CP) sweep rate of 40 kHz/ms across a total range of 400
kHz, refocusing WURST pulses across a range of 450 kHz, 1H π/2 pulse widths of 4.00 µs,
spectral widths of 2000 kHz, and 1H decoupling fields of 25 kHz. See Table B7 for full
experimental parameters. The complete 14N WURST-QCPMG and BRAIN-CP/WCPMG
NMR spectra were generated by mirroring the low-frequency (right) portion of the powder
pattern about the isotropic shift (taken from literature or DFT calculations), as described
previously.38,55
Static 195Pt NMR spectra of discontinuity regions (vide infra) were acquired using a
standard Hahn-echo experiment of the form (π/2)x - τ1 - (π)y - τ2 - acq, where τ1 and τ2
represent interpulse delays of 40 and 20 µs, respectively. A π/2 pulse width of 2.50 µs and
spectral width of 2000 kHz were used, except for the low-frequency Hahn-echo experiment
for MGS, where a π/2 pulse width of 6.63 µs and spectral width of 200 kHz were used.
Corresponding 1H-195Pt static cross-polarization (CP) Hahn-echo NMR experiments
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employed 1H π/2 pulse widths of 3.93 µs, a spectral width of 500 kHz, a Hartmann-Hahn
matching field of 29 kHz, and a

1

H decoupling field of 37 kHz.

1

H-195Pt

BRAIN-CP/WURST-CPMG experiments45 used a Hartmann-Hahn matching field of 29 kHz,
CP sweep rate of 100 kHz/1 ms across a total range of 500 kHz, refocusing WURST pulse
across a range of 2000 kHz, 1H π/2 pulse widths of 3.93 µs, spectral widths of 2000 kHz, and
1

H decoupling field of 24 kHz.

195

Pt MAS NMR spectra of MGS were acquired using a

standard Bloch-decay experiment, with a π/2 pulse width of 1.13 µs and spectral width of
1500 kHz. 1H decoupling fields in excess of 70 kHz were applied for all MAS experiments.
See Tables B8 - B11 for full listings of 195Pt NMR experimental parameters.
1

H MAS NMR spectra were acquired at a spinning speed of 25 kHz using a standard

Bloch decay pulse sequence, with a π/2 pulse width of 3.0 µs, spectral width of 200 kHz and
recycle delay of 2 s. See Table B12 for acquisition parameters.
Simulations of all static solid-state NMR spectra were performed using the
WSOLIDS software package.56

In all cases, uncertainties in extracted NMR tensor

parameters for static spectra were estimated by visual inspection of best fit spectra and
bidirectional variation in simulation parameters. Simulations of 195Pt NMR MAS spectra
were performed using the DMFit software program.57

3.3.4 - Theoretical Calculations
DFT computations of the platinum nuclear magnetic shielding (MS) tensors were
performed with a developer's version of the Amsterdam Density Functional (ADF)
package58,59 using the hybrid variant of Perdew-Burke-Ernzerhof (PBE) functional,60,61
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PBE0.62,63 A relativistic all-electron triple-ζ singly polarized (TZP) basis set from the ADF
basis set library was employed for all atoms except Pt, for which the more flexible
quadruple-ζ quadruply polarized (QZ4P) basis was used instead. As previous studies have
shown, this basis set combination is well suited for effective and reasonably accurate
computations of Pt magnetic shielding tensors.64-66 Relativistic effects were incorporated in
the computations by means of the Zeroth-Order Regular Approximation (ZORA).67 In the
numerical integration method used for the calculations, the general accuracy parameter was
set to 4.0, while for the atomic core regions the accuracy parameter was set to 5.0. A
criterion of 10-4 au was applied to remove linearly dependent basis function combinations.
Natural Bond Orbital (NBO) and Natural Localized Molecular Orbital (NLMO) analyses
were applied for the MS tensors.68,69 Details of the technique and a brief description of the
sequence of calculations are discussed elsewhere.65,70 To ensure that all basis set functions
were used in the analysis, the linear dependency criterion was decreased to 10-5 au.
Symmetry was not explicitly utilized in the calculations.
The systems studied include model clusters of MGS, Pt(NH3)4Cl2•H2O and K2PtCl4.
MPS was excluded from the theoretical analysis, since all of our attempts to obtain an
adequately converged ground-state, as well as MS parameters close to experimental values,
failed for this system. MS parameters were calculated from clusters extracted from
experimental or optimized solid-state geometries to ensure the surroundings of the central Pt
unit(s) were as close to the crystal environment as possible. Geometry optimizations of the
atomic positions were performed with periodic boundary conditions, using experimental
lattice constants.27,71,72 The optimizations utilized the Plane-Wave Self-Consistent Field
113

(PWscf) package,73 version 4.2.1 from the Quantum-ESPRESSO suite of programs.74 In the
PWscf calculations the GGA PBE functional was employed in conjunction with ultrasoft
pseudopotentials (USPPs)75 and plane-wave (PW) basis sets for the valence orbitals. The
core levels and radii (in au) were [He](1.3), [He](1.4), [Ne](1.5), [Ar](1.6), and
[Xe + 4f](1.8) for N, O, Cl, K, and Pt, respectively. For H, an “all-electron pseudopotential”
was generated with a core radius of 0.9 au. The kinetic-energy cutoff for the PW basis sets
was set to 40 Ry. The k-point sampling of 3 × 3 × 5 for MGS and 4 × 4 × 7 for reagents were
used. In the case of MGS, stricter than default geometry convergence criteria were applied
to match the experimental structure better.
The geometry optimizations were successful in closely reproducing the experimental
geometric parameters for MGS and K2PtCl4. In the case of Pt(NH3)4Cl2•H2O, the calculated
Pt-N distances are much smaller than those determined from an X-ray crystal structure.71 The
latter, more than 2.6 Å, seem to be unreasonably large, given typical Pt-N distances in square
planar Pt moieties such as Benton's salt, Pt(NH3)4CuCl4, (2.04 Å)76 or MGS (2.08 Å). We
consider the calculated Pt-N distance of Pt(NH3)4Cl2•H2O more reliable than the current
experimental estimate (vide infra).

3.3.5 - Powder X-ray Diffraction
Room temperature powder X-ray diffraction (pXRD) diffraction experiments were
completed at beamline X7B at the National Synchrotron Light Source (NSLS) of Brookhaven
National Lab (BNL). Powder samples were loaded into 0.5 ID Kapton capillaries. A Perkin
Elmer amorphous silicon area detector was used to collect XRD images in transmission
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mode. Rietveld refinements77 and Lebail fittings were attempted on MGS and MPS.

3.3.6 - Elemental Analysis
Microanalyses were performed using a Perkin-Elmer 2400 Series II C, H, N analyzer
in the Centre for Catalysis and Materials Research at the University of Windsor.

3.3.7 - Infrared Spectroscopy
Fourier-transform infrared (FTIR) spectra were acquired using a Nicolet Magna 860
FTIR spectrometer coupled to a Continµum IR microscope (Thermo-Nicolet, Madison, WI)
at beamline U2B in the National Synchrotron Light Source (Upton, NY). The microscope
was equipped with a 32x Schwarzschild objective and a liquid nitrogen cooled mercury
cadmium telluride detector. A thin layer of each sample was placed on a 1 mm thick calcium
fluoride slide, and point spectra were acquired with a 50 µm aperture in transmission mode.
For each spectrum, 64 scans were co-added with a 4 cm-1 spectral resolution over the
mid-infrared region (1000-4000 cm-1).
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3.4 - Results and Discussion
To begin, 195Pt WURST-CPMG and 1H-195Pt BRAIN-CP/WCPMG experimental data
are presented and discussed. High-resolution 195Pt Hahn-echo and 1H-195Pt CP-echo spectra
of key diagnostic spectral regions are then presented, followed by 195Pt MAS spectra.

14

N

WURST-CPMG and 1H-14N BRAIN-CP/WCPMG experiments are introduced in order to
shed additional light on intermolecular interactions. SSNMR data concludes with 35Cl
WURST-CPMG spectra of all systems.

Powder XRD patterns and corresponding

refinements, which are used to differentiate the compounds and to conduct a structural
analysis of MPS, are then discussed in detail. A proposed structural model of MPS is
presented from a combination of SSNMR and XRD data. Finally, first principles DFT
calculations of platinum nuclear magnetic shielding (NMR) tensors are compared with the
experimentally derived data.

3.4.1 - 195Pt WURST-CPMG Experiments
195

Pt NMR spectra of Pt(NH3)4Cl2•H2O, K2PtCl4, and MGS are shown in Figure 3.1(a)

and (b), with corresponding CS tensor parameters found in Table 3.1. The K2PtCl4 spectrum
was previously discussed in a separate work.47 The 195Pt powder patterns are indicative of
single platinum sites each possessing axially symmetric CS tensors with κ . -1 (i.e., δ11 is the
distinct component and δ22 . δ33); axially symmetric tensors are commonly observed in
square planar Pt(II) structural motifs.36,38,46,78-81

These powder patterns range across

impressive breadths, with Ω values of 7250 ppm (640 kHz at 9.4 T) for Pt(NH3)4Cl2•H2O and
10420 ppm (920 kHz at 9.4 T) for K2PtCl4. Despite this, the use of frequency-stepped
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acquisition and the WURST-CPMG pulse sequence results in relatively short experimental
times for both reagents (Table B4). There is a shorter recycle delay, owing to the shorter
T1(195Pt) of Pt(NH3)4Cl2•H2O, which likely results from contributions to the longitudinal
relaxation from 195Pt-1H dipolar couplings (from both NH3 and mobile H2O) which are absent
in K2PtCl4.
At first glance, the spectrum of MGS (Figure 3.1(c)) appears to be composed of a
simple superimposition of powder patterns corresponding to the individual reagents;
however, the extracted CS tensors indicate otherwise. Simulations of the overall MGS
powder pattern reveal that the [Pt(NH3)4]2+ and [PtCl4]2- units have

195

Pt CS tensors with

significantly larger Ω and higher δiso values than those of the starting reagents. It is also noted
that the Pt-Pt interlayer distances in Pt(NH3)4Cl2•H2O and K2PtCl4 are 4.21 Å and 4.20 Å,
respectively,71,72 but only 3.245 Å in MGS, inviting the preliminary hypothesis that the 195Pt
CS tensor is sensitive to Pt-Pt metallophilic interactions. These interactions occur
perpendicular to the square plane, corresponding to the orientation of the δ11 component of
the 195Pt CS tensor (as predicted from molecular symmetry and the value of κ). Furthermore,
δ11 is the only component that substantially differs between MGS and the starting reagents.
In addition, we also note that the [Pt(NH3)4]2+ and [PtCl4]2- units in MGS have different 195Pt
NMR recycle delays, implying disparate T1(195Pt) values, as observed for the starting reagents
(Table B4).
Attempts were made to study MPS via WURST-CPMG using the same experimental
parameters utilized in the acquisition of spectra of MGS; however, these experiments resulted
in a broad powder pattern of irregular shape (Figure B3). The long relaxation delays (40 s)
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employed in these experiments imply that the T1(195Pt) value for the [PtCl4]2- unit in MPS is
much longer than those of similar Pt sites in MGS and K2PtCl4. Since much longer
relaxation delays render

195

Pt WURST-CPMG experiments impractical, the use of a CP

experiment which relies on the much lower T1(1H) value would be advantageous (vide infra).

Figure 3.1. 195Pt static WURST-CPMG NMR spectra of (a) Pt(NH3)4Cl2•H2O, (b)
K2PtCl4, (c) Magnus’ Green Salt, and (d) 1H-195Pt static BRAIN-CP/WCPMG NMR
spectrum of Magnus’ Pink Salt, (e) Pt(NH3)4Cl2•H2O, (f) MGS, and (g) Magnus’ Pink
Salt. Asterisks (*) denote interference from local FM radio stations. Dashed lines
indicate the high frequency edge (δ11) of the powder patterns of the starting reagents.
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Isotropic

-0.97(10)

10420(100)

b

κd

Ω (ppm) c

E = Hahn echo experiment, W = WURST-CPMG experiment, M = MAS experiment, CE = 1H-195Pt cross-polarized Hahn echo experiment, BC = 1H-195Pt BRAIN-CP/WCPMG experiment.
chemical shift: δiso = (δ11 + δ22 +δ33)/3. c Span: Ω = δ11 - δ33. d Skew: κ = 3(δ22 - δiso)/Ω.

a

Table 3.1. Platinum chemical shift tensor parameters determined from 195Pt static and MAS NMR experiments.
Compound
Method a
δ11 (ppm)
δ22 (ppm)
δ33 (ppm)
δiso (ppm) b
K2PtCl4 47
W
5385(90)
-4879(77)
-5035(77)
-1510(60)
Pt(NH3)4Cl2•H2O
E
2254(39)
-4928(29)
-4946(27)
-2540(20)
CE
2254(39)
-4928(29)
-4946(27)
-2540(20)
W
2245(90)
-4860(72)
-5005(70)
-2540(60)
M
2160(550)
-4840(628)
-4840(374)
-2507(10)
Green Salt [PtCl4]2E
6630(25)
-4770(40)
-4770(40)
-970(15)
W
6563(90)
-4737(102)
-4737(102)
-970(60)
BC
6563(52)
-4737(57)
-4737(57)
-970(40)
M
-970(6)
2+
Green Salt [Pt(NH3)4]
E
2835(22)
-4725(27)
-4725(27)
-2205(10)
W
2795(90)
-4705(85)
-4705(85)
-2205(60)
BC
2828(52)
-4722(50)
-4722(50)
-2205(40)
M
-2208(6)
2Pink Salt [PtCl4]
CE
5530(48)
-5045(49)
-5045(39)
-1520(30)
BC
5473(91)
-4975(77)
-5028(71)
-1510(60)
2+
Pink Salt [Pt(NH3)4]
CE
2367(29)
5014(26)
-5033(23)
-2560(20)
BC
2373(84)
-5027(65)
-5027(61)
-2560(50)
M
-2560(6)

3.4.2 - 1H-195Pt BRAIN-CP/WCPMG Experiments
The recently-introduced Broadband Adiabatic Inversion Pulses for CrossPolarization (BRAIN-CP) pulse sequence,45 which is readily combined with WURST-CPMG
(BRAIN-CP/WCPMG), was utilized to acquire the

195

Pt powder pattern of MPS. These

experiments offer potential S/N enhancement similar to CP, a broadband excitation similar
to WURST-CPMG experiments, and a reliance on the generally shorter T1 of the abundant
nucleus (i.e., T1(1H) < T1(195Pt) in most cases). The 195Pt NMR spectrum of MPS obtained
using a 1H-195Pt static BRAIN-CP/WCPMG experiment (Figure 3.1(d) and (g)) appears to be
composed of two distinct patterns, presumably corresponding to [PtCl4]2- and [Pt(NH3)4]2+
ions. It is important to note that the [PtCl4]2- species is detected in this spectrum, confirming
the presence of strong dipolar couplings between the 195Pt nuclei in [PtCl4]2- units and the
amine protons of [Pt(NH3)4]2+ units. This infers that these species are proximate and are
incorporated into the unique MPS compound (i.e., this sample is clearly not just a simple
heterogeneous mixture of the two starting reagents). Analogous BRAIN-CP/WCPMG
experiments on Pt(NH3)4Cl2•H2O and MGS (Figure 3.1(e) and (f)) require shorter
experimental times to obtain comparable S/N overall (Table B7) and demonstrate efficient
CP, but exhibit slightly lower S/N in the diagnostic δ11 region of the powder pattern and yield
no new or additional information that was not already available from their WURST-CPMG
spectra.
The CS tensor parameters extracted from the 195Pt powder pattern of MPS (Table 3.1)
are almost identical to those of the corresponding K2PtCl4 and Pt(NH3)4Cl2•H2O reagents.
In other words, although CP experiments confirm that these units are spatially proximate
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within MPS, Pt-Pt metallophilic interactions are not present. This suggests a longer Pt-Pt
distance in MPS in comparison to MGS. Interestingly, the low-frequency portion of the MPS
powder pattern, corresponding to the δ22/δ33 components of the 195Pt CS tensor, is abnormally
broad when in comparison to similar regions in the spectra of the individual reagents and
MGS, increasing the associated uncertainties of CS tensor parameters, and suggesting that
this region of the powder pattern may be indicative of the presence of multiple powder
patterns (and multiple Pt sites). This broadening hints at additional structural information
that may be contained in the powder pattern that is not resolved due to the limited resolution
of the CPMG method.

3.4.3 - 195Pt Hahn-Echo and 1H-195Pt CP-echo NMR Experiments
In order to further investigate the δ22/δ33 regions of the 195Pt powder patterns of MPS,
a series of

195

Pt direct-excitation (DE) Hahn-echo and 1H-195Pt cross-polarization (CP)

Hahn-echo experiments were performed. The spectra were obtained with the transmitter
frequency set to the approximate center of gravity of the δ22/δ33 region, as determined from
CPMG-type experiments, in order to obtain a higher-resolution pattern that may aid in
resolving the discontinuities associated with multiple, overlapping powder patterns
(Figure 3.2).

195

Pt Hahn-echo spectra of the δ11 regions of all compounds were also acquired

in order to extract increasingly accurate 195Pt CS tensor parameters (Table 3.1, Figure B5).
Recycle delays for Hahn-echo experiments (Table B8) were experimentally optimized to
ensure full recovery of equilibrium magnetization. For Pt(NH3)4Cl2•H2O, the Hahn-echo
spectrum of the δ22/δ33 region of the powder pattern reveals a single, sharp discontinuity,
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characteristic of a platinum CS tensor with κ = -1. For MGS, equivalent experiments reveal
two distinct discontinuities at ca. -4725 ppm and -4770 ppm, corresponding to two separate
195

Pt powder patterns, which are assigned to the [Pt(NH3)4]2+ and [PtCl4]2- species,

respectively. These assignments were made according to peak intensities: the δ22/δ33 region
with highest intensity in a DE

195

Pt Hahn-echo experiment arises from the [Pt(NH3)4]2+

species, as it has a smaller Ω value, meaning that its powder pattern is spread over a narrower
region than that of the [PtCl4]2- species. Interestingly, peak intensities obtained via 1H-195Pt
CP-echo experiments on MGS are quite dissimilar to those obtained via 195Pt Hahn-echo
experiments, the latter of which are quantitative in terms of integrated signal intensity and
spin counting, provided that suitably long recycle delays are applied. Shorter 1H-195Pt CP
mixing times are more efficient for CP to the [PtCl4]2- ion, while longer mixing times are
more efficient for CP to the [Pt(NH3)4]2+ ion; hence, integrated signal intensities are not
quantitative.
In contrast to the relatively narrow δ22/δ33 portion of the MGS powder pattern, 1H-195Pt
CP-echo experiments on MPS (Figure 3.2) reveal a broad region of spectral intensity
punctuated by fine structure (DE experiments were unsuccessful, vide supra). There are two
major regions of spectral intensity within the δ22/δ33 portion of the MPS powder pattern: a
higher-frequency region of generally uniform intensity which stretches from ca. -4600 to
-4930 ppm, and a lower-frequency region of high signal intensity from ca. -4960 to -5150
ppm. The former region encompasses the δ22/δ33 regions of the powder patterns of both MGS
and Pt(NH3)4Cl2•H2O, indicating their presence as impurities. The latter region has shifts that
do not correspond to any discontinuities from the patterns of the starting reagents or MGS.
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This region is also abnormally broad for a single powder pattern and appears to have subtle
details which may be indicative of two distinct MPS species (i.e., two 195Pt CS tensors with
κ . -1 corresponding to [Pt(NH3)4]2+ and [PtCl4]2+ ions). It is also important to note that none
of the aforementioned spectral intensity in Figure 3.2 arises from any K2PtCl4 impurities in
the MPS sample, as this would not be produced via 1H-195Pt CP experiments.
The two-site simulation of MPS (Figure 3.3(a)) does not adequately account for the
uniform intensity observed in the experiment from -4600 to -4930 ppm. As described above,
CP experiments are clearly not quantitative, and the intensity from -4600 to -4930 ppm in
the MPS spectrum is likely due to lower concentrations of MGS and Pt(NH3)4Cl2•H2O
impurities that are disproportionately enhanced by the CP experiment (powder XRD also
indicates only trace impurities are present in MPS, vide infra). A five-site

195

Pt NMR

simulation (Figure 3.3(b)) considering various impurities in the MPS sample is able to
account for most of this unassigned spectral intensity. In addition, experiments on impure
MPS samples exhibit high spectral intensity in the -4600 to -4930 ppm region (Figure B7),
indicating that this intensity originates from impurities and not the MPS compound itself.
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Figure 3.2. Individual static Hahn-echo 195Pt NMR spectra
(i.e., single sub-spectra excited by a single rectangular pulse) of
(a) Pt(NH3)4Cl2•H2O, (b) WURST-CPMG spectrum of K2PtCl4
co-added in the time domain, 47 (c) Hahn-echo spectrum of
MGS. 1H-195Pt CP-echo NMR spectra of MGS using a (d) 16
ms contact time and (e) 3 ms contact time, as well as CP-echo
NMR spectra of MPS using a (f) 15 ms contact time and (g) 3
ms contact time.
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Figure 3.3. Individual 1H-195Pt CP-echo NMR spectra (i.e., single sub-spectra excited by
a single rectangular pulse) of MPS. (a) A two-site simulation along with experimental
spectra utilizing a contact time of (i) 3 ms and (ii) 15 ms. (b) Experimental spectrum
(contact time of 3 ms) along with simulated spectra (dashed lines) accounting for two
unique Pt sites in MPS along with Pt(NH3)4Cl2•H2Oand MGS impurities at a relative
intensity of (i) 40% and (ii) 10 %.
3.4.4 - 195Pt MAS NMR Experiments
A series of DE 195Pt MAS NMR experiments were performed in order to attempt to
differentiate the number and nature of Pt-containing compounds within MPS via their
isotropic chemical shifts.

195

Pt MAS NMR spectra of MGS and MPS are shown in Figure

3.4. Although fast spinning speeds (ca. 25 kHz) and very short 90Epulse lengths (1 µs) were
employed (Table B11), the entire manifold of spinning sidebands does not appear to be
uniformly excited over its entire breadth (ca. 1 MHz at 9.4 T). In addition, S/N is very low,
despite the acquisition of a large number of transients. The extraction of CS tensor
parameters from these spectra is very unlikely, as previously demonstrated for 195Pt and 207Pb
CS tensor parameters extracted from very broad MAS patterns via Herzfeld Berger analysis
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(HBA).82

38

Furthermore, due to the ineffectiveness of CP at high spinning speeds, direct

excitation experiments on

195

Pt must be applied; however, the long recycle delays and

accordingly lengthy experimental times make these experiments very challenging. Despite
all of this, MAS NMR experiments can be useful for identifying and refining δiso values for
the individual Pt species, and potentially for the detection of multiple sites.
The MAS NMR spectrum of MGS (Figure 3.4(a)) reveals two distinct sets of
spinning sidebands originating from two unique Pt species. The δiso values for the [PtCl4]2and [Pt(NH3)4]2+ species are unique in comparison to those of the starting reagents. We note
that a calibrated recycle delay of 40 s was employed to ensure full recovery of equilibrium
magnetization. The MAS spectrum of MPS (Figure 3.4(b)) has only one set of spinning
sidebands corresponding to a single Pt species. The δiso of -2560(6) ppm is assigned to the
[Pt(NH3)4]2+ species based on CS tensor parameters extracted from BRAIN-CP/WCPMG
experiments (vide supra). A recycle delay of 90 s was employed in a second experiment, in
an attempt to observe the [PtCl4]2- species, with no success (Figure 3.4(c)). This information,
paired with the failure to obtain a proper

195

Pt powder pattern with direct excitation

WURST-CPMG experiments, suggests that the 195Pt nucleus of the [PtCl4]2- species of MPS
has a much longer T1 value than that in the [PtCl4]2- species of MGS. This is again consistent
with the [PtCl4]2- units being further away from the [Pt(NH3)4]2+ units in MPS as compared
to MGS, in that there is not a proximate source of mobile protons in MPS to induce faster
195

Pt longitudinal relaxation.

126

127

Figure 3.4. 195Pt MAS NMR spectra acquired at 9.4 T using (recycle delay): (a) MGS (40 s), (b)
MPS (90 s), and (c) MPS (8 s).

3.4.5 - 14N WURST-CPMG and 1H-14N BRAIN-CP/WCPMG Experiments
Since three of the four compounds contain the [Pt(NH3)4]2+ ion,

14

N SSNMR

experiments were performed in order to elicit additional structural information.

14

N is a

quadrupolar nucleus with a spin of 1, and is usually associated with SSNMR spectra that are
dominated by the first-order quadrupolar interaction (FOQI).83,84 In comparison to the FOQI,
the effects of nitrogen CSA on 14N SSNMR spectra are minimal, and no nitrogen CS tensor
parameters or δiso values could be determined for these systems. However, since the powder
patterns are Pake doublets with mirror symmetry, the complete 14N NMR spectra were
generated by “reflecting” the low-frequency (right) portion of the powder pattern about the
isotropic shift value (see Experimental section).55
The 14N SSNMR spectra are shown in Figure 3.5, and the corresponding EFG tensor
parameters are summarized in Table 3.2. Initially, 14N direct-excitation WURST-CPMG
experiments were performed (Figure 3.5, left), but unfavourably long T1(14N) values resulted
in long experimental times (Table B5). The lengthy experimental times also limited the
resolution with which the spectra could be acquired; as a result, the accuracy of the
quadrupolar parameters extracted from these spectra is questionable.

1

H-14N

BRAIN-CP/WCPMG experiments were subsequently used to acquire spectra (Figure 3.5,
right), yielding substantial increases in both S/N and spectral resolution and concomitant
decreases in experimental times (Table B7) due to the relatively short T1(1H) values. All
spectra are approximately between 1500 and 1700 kHz wide at 9.4 T and exhibit well-defined
features, correlating to relatively axially symmetric 14N EFG tensors with ηQ values ranging
from 0.02 to 0.15 and CQ values between 1.00 and 1.20 MHz.
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Figure 3.5. 14N static NMR spectra (bottom traces) and simulations (top traces) of (a) Pt(NH3)4Cl2•H2O, (b) MGS, and (c)
MPS. Spectra on the left were acquired with direct-excitation WURST-CPMG experiments, spectra on the right were
acquired using 1H-14N BRAIN- CP/WCPMG experiments.

Table 3.2. Experimental 14N EFG tensor parameters.
Compound
Pt(NH3)4Cl2•H2O

Magnus' Green Salt

Magnus' Pink Salt

Methoda

Site (% Intensity)b

W

|CQ| (MHz) c

ηQ d

1.04(5)

0.15(5)

BC

N1 (33)

1.19(2)

0.02(2)

BC

N2 (100)

1.03(2)

0.15(2)

1.14(6)

0.04(6)

W
BC

N1 (25)

1.14(2)

0.005(5)

BC

N2 (100)

1.11(2)

0.12(2)

1.06(6)

0.11(6)

1.00(2)

0.07(2)

W
BC

a

1

14

b 14

W = WURST-CPMG experiment, BC = H- N BRAIN-CP/WCPMG experiment.
N powder patterns
obtained using BRAIN-CP/WCPMG require simulation using different relative intensities due to differences
in 1H-14N cross-polarization efficiency between the two unique nitrogen environments. c Quadrupolar coupling
constant: CQ = eQV33/h, where the principal components of the EFG tensor are defined as |V33| > |V22| > |V11|.
Only the absolute values of CQ can be obtained from the NMR powder patterns, not their signs. d Asymmetry
parameter: ηQ = (V11 - V22)/V33.

The most striking difference between the WURST-CPMG and BRAIN-CP/WCPMG
spectra are the apparent number of powder patterns arising from the Pt(NH3)4Cl2•H2O and
MGS samples. WURST-CPMG experiments seem to indicate only one powder pattern for
each of these compounds, while BRAIN-CP/WCPMG experiments indicate that there are two
distinct powder patterns for each. Both types of experiments indicate that the MPS sample
gives rise to a single powder pattern. The origin of the discrepancy in observed powder
patterns for Pt(NH3)4Cl2•H2O and MGS in these experiments lies in the differences in T1
relaxation times between the two

14

N environments. Since only one powder pattern is

observed in direct-excitation WURST-CPMG experiments, the other unobserved powder
pattern must be associated with a 14N environment with a much longer T1 value. When 1H-14N
BRAIN-CP/WCPMG experiments are employed, both powder patterns are observed, owing
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to the reliance of these experiments on the uniformly short T1(1H) values rather than the
disparate T1(14N) values.
The 14N powder patterns of Pt(NH3)4Cl2•H2O and MGS correspond to two unique, but
similar, EFG tensors. As noted elsewhere,

14

N EFG tensors are sensitive to inter- and

intra-molecular hydrogen bonding interactions involving nitrogen-bound protons,83,85-87 and
subtle differences in the strength of these interactions leads to differences in 14N EFG tensor
parameters. In similar square planar Pt(II) systems containing amine groups, the EFG tensor
is generally axially symmetric (i.e., ηQ .0) and its largest component in magnitude, V33, is
oriented on or near the threefold axis of rotational symmetry (C3 axis) coincident with the
Pt-N bond, while V22 and V11 are perpendicular to this axis.38 The C3 rotational symmetry may
be disrupted by hydrogen bonding involving amine protons, which results in a loss of axial
symmetry of the EFG tensor and corresponding non-zero ηQ values.85
In the case of Pt(NH3)4Cl2•H2O, our ab initio geometry-optimized structure (more
reliable than the crystal structure, vide supra) predicts that two crystallographically unique 14N
sites, N1 and N2, are present due to a very subtle deviation away from a D4h square planar
geometry about Pt.

The deviation from square planar symmetry is slight, with

pN1-Pt-N2 = 88.95E, pN2-Pt- N1 = 91.05E, torsion angle pN1-Pt-N2-N1 .1E, and difference
of 0.002 Å in Pt-N1 and Pt-N2 bond length. Such differences, however, give rise to distinct
N-HþCl distances for each nitrogen site (Table B13, Figure B10). With regard to N1, the
relatively shorter N1-HþCl distances lead to hydrogen bonding which disrupts the C3
rotational symmetry about the Pt-N1 bond, resulting in a 14N EFG tensor of lower axial
symmetry (higher ηQ of 0.15) compared to the tensor associated with the N2 crystallographic
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site (lower ηQ of 0.02) .
The report of the MGS crystal structure indicates one unique 14N site,27 however, it is
very likely that small deviations from ideal D4h square planar symmetry are present, as in
Pt(NH3)4Cl2•H2O. Geometry optimizations, using a symmetry-restricted approach, indicate
that one crystallographically unique nitrogen site is present. The 14N BRAIN-CP/WCPMG
spectrum of MGS corresponds to two similar

14

N EFG tensors, differentiated via local

N-HþCl hydrogen-bonding (ηQ values of 0.12 and 0.005).

The distinction between

crystallographic nitrogen sites in MGS, as represented by the

14

N EFG tensors, is less

pronounced than in the Pt(NH3)4Cl2•H2O system, possibly owing to the nature of Cl atoms in
these systems (i.e., Cl is covalently bound to Pt in MGS but is a counter-ion in
Pt(NH3)4Cl2•H2O, which may result in distinct hydrogen bonds).
The 14N SSNMR spectrum of MPS presents a single powder pattern, from which
values of CQ of 1.00 MHz and ηQ of 0.07 are determined. The 14N EFG tensor parameters of
the 14N sites in MPS are similar to the compounds discussed previously, and indicate that the
[Pt(NH3)4]2+ ion is intact within MPS. The absence of a distinct second 14N powder pattern
provides clear evidence that the structure of MPS is quite different from that of
Pt(NH3)4Cl2•H2O and MGS, and that any deviations from D4h symmetry in the [Pt(NH3)4]2+
species within MPS must be extremely small. The MPS 14N EFG tensor displays a non-zero
ηQ value that, when compared to MGS and Pt(NH3)4Cl2•H2O 14N EFG tensors, suggests that
amine groups in MPS may be hydrogen bound to nearby Cl atoms. Perhaps most importantly,
both the 14N and 195Pt NMR data suggest that the long range structure of MPS may be very
different from those of MGS and the starting reagents, and that there may be very different
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unit cell parameters and space group symmetry.

3.4.6 - 35Cl WURST-CPMG Experiments
In order to verify the presence of [PtCl4]2- units within MPS and investigate their local
environments, 35Cl SSNMR experiments were performed on all of the Pt complexes. There
are two NMR active chlorine isotopes, 35Cl and 37Cl, which both have nuclear spins of I = 3/2,
moderately sized nuclear quadrupole moments, and relatively low gyromagnetic ratios (they
are classified as low-γ nuclides). The former is generally preferred for SSNMR studies, due
to its higher natural abundance. 35Cl SSNMR powder patterns are typically dominated by the
second-order quadrupolar interaction (SOQI), whose nature depends solely on the electric
field gradients (EFG) about the 35Cl nucleus; however, for narrower patterns arising from
smaller CQ values, the effects of chlorine chemical shift anisotropy (CSA) can often be
observed. The breadth of the central transition (CT) of the 35Cl SSNMR pattern scales
inversely with magnetic field; hence, it is advantageous to utilize a field of 21.1 T for all 35Cl
NMR experiments. The majority of reports on 35Cl SSNMR have dealt with ionic chlorine
species with relatively narrow patterns and correspondingly small nuclear quadrupolar
coupling constants, CQ.88-93 Recently, 35Cl UW NMR experiments have been applied to study
chlorine atoms in terminal and bridging bonding environments in transition metal complexes,
as well as in terminal carbon-chlorine bonds in organic molecules, where powder patterns can
be over several MHz in breadth.94-98 38
The

35

Cl SSNMR spectra for all compounds are shown in Figure 3.6 and the

corresponding EFG tensor parameters are presented in Table 3.3. The 35Cl NMR powder
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pattern for Pt(NH3)4Cl2•H2O (Figure 3.6(b)) is very narrow in comparison to those of all the
other systems and arises from a single unique site. The Cl- ions in Pt(NH3)4Cl2•H2O are not
involved in any covalent bonds; hence, 35Cl nuclei in such enivironments experience small
EFGs, and correspondingly, have small CQ values. The remainder of the systems have very
broad patterns and large values of CQ, since the Cl atoms therein are involved in covalent
bonds. Since the magnitude of the quadrupolar interactions in these systems is very large in
comparison to the spans of the chemical shift (CS) tensors, it is impossible to extract any 35Cl
CS tensor information except for very rough estimates of δiso, even when utilizing a traditional
Hahn-echo experiment.
The 35Cl SSNMR spectra of K2PtCl4 and MGS yield EFG tensor parameters that are
identical within experimental uncertainty, indicating that their respective [PtCl4]2- units reside
in similar environments (i.e., distinct Pt-Pt metallophilic interactions do not drastically alter
the electronic structure of the Pt-Cl bonds). In agreement with their reported crystal
structures, the [PtCl4]2- units within K2PtCl4 and MGS each give rise to a single 35Cl powder
pattern.
The 35Cl powder pattern of MPS has two unique powder patterns (1:1 integrated
intensity ratio), both with EFG tensors similar to those of K2PtCl4 and MGS. The sharp
resonance at ca.100 ppm is attributed to a small amount of Pt(NH3)4Cl2•H2O reagent. The
spectral features in this spectrum are not as sharp as in those of MGS and K2PtCl4. This may
indicate a slightly lower degree of crystallinity within the MPS sample or minor
contamination from the MGS co-product and K2PtCl4 reagent (as suggested by 195Pt SSNMR
spectra); however, these impurities are not evident in the 35Cl SSNMR spectrum of MPS. As
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an illustration of the sensitivity of 35Cl SSNMR to impurities in the MPS system, the 35Cl
SSNMR spectrum of an impure sample yields one narrow and three broad powder patterns,
readily indicating the presence of MGS, K2PtCl4, and Pt(NH3)4Cl2•H2O impurities (Figure
B11).
The columnar structures of K2PtCl4 and MGS give rise to a single 35Cl SSNMR
powder pattern, indicative of a sole 35Cl crystallographic site, while spectra of MPS indicate
two 35Cl sites. The existence of two unique yet similar chlorine sites in MPS may be due to
a subtle shift away from idealized symmetry about the [PtCl4]2- square planar center, or some
other structural difference. This data, along with

195

Pt and 14N results, further suggests a

structure that is distinct from the common columnar or stacked square-planar Pt motif.

Table 3.3. Experimental 35Cl NMR parameters.a
Compound

|CQ| (MHz)

b, c

ηQ d

δiso

K2PtCl4

35.7(2)

0.09(1)

-125(75)

Pt(NH3)4Cl2•H2O

1.85(5)

0.30(5)

100(5)

Magnus' Green Salt

35.6(2)

0.095(10)

-125(75)

1

33.8(2)

0.11(1)

0(75)

2

35.1(1)

0.10(1)

0(75)

Magnus' Pink Salt
a

Site

35

All Cl NMR experiments were conducted at a magnetic field strength of 21.1 T. Pt(NH3)4Cl2 was acquired
using a Hahn-echo pulse sequence, all other spectra were acquired using the WURST-CPMG pulse sequence.
b
These 35Cl spectra are dominated by the second-order quadrupolar interaction, making quantification of the
relatively much smaller contributions from the chlorine CSA impossible in all cases. c,d See definitions given
in footnotes c and d in Table 3.2.
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Figure 3.6. Static WURST-CPMG 35Cl NMR spectra acquired at 21.1 T (bottom
traces) and simulations (top traces) of (a) K2PtCl4, (b) Pt(NH3)4Cl2•H2O (with
Hahn-echo experiment inset), (c) MGS, and (d) MPS.
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3.4.7 - Powder X-ray Diffraction Experiments and Refinement of MPS Data
In order to further investigate the unique MPS structure suggested by SSNMR, pXRD
patterns were acquired for all compounds (Figure 3.7). A synchotron source was used in
order to obtain data suitable for structural refinements. The sharp peaks in each diffraction
pattern are consistent with highly crystalline samples, although the slightly broader peaks in
the pattern of MPS infer a lower degree of crystallinity, consistent with NMR observations.
The powder patterns obtained for K2PtCl4, Pt(NH3)4Cl2•H2O, and MGS agree well with
calculated powder patterns based on reported crystal structures (Figure B12). The powder
diffraction pattern for MPS clearly indicates that MPS is the major product of our synthesis,
with minor peaks (i.e., 2θ .3E) corresponding to MGS, and to a lesser degree, starting
reagents. Two separate batches of MPS were analyzed; both NMR spectra and pXRD
patterns indicate that MGS and reagents are limited to minor impurities in both cases,
demonstrating the repeatability of our synthesis.
Rietveld refinements and Lebail fittings were attempted on the MPS X-ray diffraction
data sets. The relatively low crystallinity of the MPS samples and presence of multiple trace
impurities results in reduced resolution of the high-angle diffraction peaks; hence, a full set
of crystal structure parameters could not be determined. However, since Pt is associated with
> 90% of electron density within MPS, a reasonable fit of experimental diffraction data was
obtained by only accounting for Pt atomic positions (Figure 3.8). Fortunately, some of the
crucial details of the MPS crystal structure can be reported from this refinement (Table 3.4).
Notably, MPS crystallizes in a body-centered tetrahedral crystal structure (space group I4),
with a = b = 5.576 Å and c = 8.174 Å. The electron density map obtained from the
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refinement of pXRD data indicates that the structure of MPS is very different from those of
all of the other species discussed herein (Figure 3.9). The square planar units are no longer
arranged in linear columns with short Pt-Pt distances. The intermolecular Pt-Pt columnar
stacking distance obtained from the refinement is 8.174 Å, consistent with the prediction of
a distance > 5 Å,27 and far longer than the MGS Pt-Pt distance of 3.25 Å. Most importantly,
the closest Pt-Pt distance of 5.576 Å in the MPS crystal structure lies between adjacent
parallel square planar units along the a and b axes, a structural arrangement that clearly
prohibits any Pt-Pt orbital overlap or metallophilic interactions.
Analysis of the MPS electron density map indicated that Pt atoms are square planar
coordinated to four ligands, and although most of their electron density could be localized,
their identities and exact locations could not be accurately determined. Attempts to
incorporate Cl positions resulted in no appreciable increase in fit accuracy (Figure B13).
Undoubtedly, the intrinsically poor crystallinity of MPS and the presence of trace impurities
prevent identification of the electron density source from pXRD methods alone. However,
195

Pt, 35Cl, and 14N SSNMR data can be used in conjunction with pXRD results in order to

identify the Pt ligands and formulate a clear structural model of MPS.

138

139

Figure 3.7. Powder X-ray diffraction patterns of square-planar Pt complexes. Two separate batches of MPS
product were studied in order to assess the reliability of the synthesis.

Table 3.4. Powder X-ray diffraction refinement parameters of MPS crystal structure.
Atomic Position Parameters - Pt a
x

0

y

0

z

0

Occupancy

1

Structural parameters for MPS: space group I4, a = b = 5.5754(9) Å, c = 8.170(2) Å, and
V = 254 Å3. χ2 = 3.426, wRp = 7.11 %, and Rp = 5.20 %. a Only the position of Pt within the crystal structure
could be ascertained from the sample due to poor crystallinity and trace impurities (see text).

3.4.8 - Proposed Structural Model of MPS
Our proposed structural model of MPS is shown in Figure 3.10. X-ray diffraction
experiments provide the location of the Pt atoms within the MPS unit cell as well as crucial
unit cell parameters, and 195Pt, 14N, and 35Cl SSNMR spectra indicate that the Pt atoms are
in square planar [Pt(NH3)4]2+ and [PtCl4]2- units. Within MPS, the Pt units stacked in a
columnar fashion along the crystallographic c axis are composed of a sole Pt species with
interlayer Pt-Pt distances of 8.174 Å, rather than the alternating [Pt(NH3)4]2+ and [PtCl4]2units separated by 3.25 Å observed in MGS. The long Pt-Pt distance, in conjunction with
195

Pt SSNMR experiments, indicate that there are no Pt-Pt metallophilic interactions present

within MPS. The presence of a sole

14

N SSNMR powder pattern indicates that the

[Pt(NH3)4]2+ units within MPS assume nearly ideal D4h square planar symmetry. Likewise,
the two similar powder patterns observed via 35Cl SSNMR of MPS hint that the [PtCl4]2- units
exhibit a subtle deviation from square planar geometry. With a structural determination of
MPS complete, computations on these platinum compounds should be able to provide insight
into the experimental 195Pt CS tensor parameters.
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Figure 3.8. Lebail fit for pXRD data of MPS using the parameters described in Table 3.4.

Figure 3.9. Visualization of the electron density map obtained via the
refinement of MPS powder X-ray diffraction data. Yellow denotes Pt atoms,
red denotes localized areas of electron density associated with Pt ligands.
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Figure 3.10. Proposed structural model of MPS, based
on SSNMR and pXRD data. Yellow denotes Pt atoms,
blue denotes electron density assigned to -NH3 ligands,
and green denotes electron density assigned to -Cl
ligands.
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3.4.9 - Ab Initio Calculations
In this section, DFT calculations of platinum nuclear magnetic shielding (MS) tensors
are presented for several model cluster compounds for Pt(NH3)4Cl2•xH2O, K2PtCl4 and MGS.
As discussed in the experimental section, calculations on MPS are excluded from the current
work, due to difficulties in obtaining a model cluster compound that yielded a satisfactorily
converged ground state. Model clusters (Figure 3.11) were initially constructed from atomic
coordinates based on known crystal structures; geometry optimizations of the atomic
positions were performed with periodic boundary conditions, as described in the experimental
section.
The platinum isotropic nuclear shielding constants, σiso, calculated with scalar (SC)
and spin-orbit (SO) ZORA methods are shown in Table 3.5. Since there is no standard
reference compound from which to enable the construction of an absolute nuclear magnetic
shielding scale for platinum, the relative CS and MS values are given in Table 3.6.
Examination of the differences in δiso and σiso among the various species in Table 3.6 reveal
that the SO calculations provide slightly better quantitative agreement with experiment. This
is especially clear in comparing the data for the two possible structural models for K2PtCl4:
both have the [K8(PtCl4)3]2+ cluster, but feature slightly different Pt-Cl bond lengths (model
B: 2.337 Å (geometry optimized value), model B': 2.309 Å (crystal structure).72 In particular,
the B' model yields differences in σiso that are closer to the experimental δiso differences. The
variation in σiso resulting from the small changes in Pt-Cl bond lengths is unsurprising, as this
has been previously observed in similar calculations on Pt model compounds.64
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Figure 3.11. Molecular clusters used in the NMR calculations. The numbers listed
correspond to calculated (experimental) geometric parameters.

Table 3.5. Calculated ZORA 195 Pt isotropic shielding and experimental chemical shifts for
Magnus' Green Salt and reagents.
Label

System

Exper. δiso
(ppm)

Calculated: PBE0/QZ4P/TZP
Δσiso b (ppm)

σiso (ppm)

A

[(Pt(NH3)4)3Cl8]2-

Bc

[K8(PtCl4)3]2+

B' d

[K8(PtCl4)3]2+

C

MGS

D

X vs. Y a
A vs. B
A vs. B'

470

4034

3563

-1401

2231

3632

-690

2845

3536

-2208

-225

3515

3740

PtCl42b

-970

-1555

2247

3802

Δσiso = σiso(SO) - σiso(SC).

c

Optimized structure, Pt-Cl: 2.337 Å.

Pt NMR comparison of Magnus' Green Salt and reagents.

Exp. Δδiso (X-Y) (ppm) b

SC Δσiso (Y-X)
(ppm) c

SO Δσiso (Y-X)
(ppm) c

-1871

-1802

-1161

-1188

-1030

C vs. D

-1238

-1330

-1269

A vs. C

-332

-695

-519

-154

15

-865

-599

B vs. D
B' vs. D
a

SO-SC

-2540

Pt(NH3)42+

Label of the Pt center, see Figure 3.11.
d
X-ray crystal structure, Pt-Cl: 2.309 Å

195

Spin-Orbit
(SO)

-1510

a

Table 3.6.

Scalar
(SC)

-540
b

c

Labels according to Table 3.5. Δδiso (X-Y) = δiso(X) - δiso(Y). Δσiso (Y-X) = σiso(Y) - σiso(X). Note that
the order of subtraction (i.e., X-Y vs. Y-X) changes between columns due to the conventions (δ vs. σ) of
the chemical shift and magnetic shielding scales.

The platinum MS tensor components for the cluster models are given in Table 3.7.
Comparison of the spans of the CS and MS tensors (calculated with the SO method) also
shows good quantitative agreement; interestingly, the results for the B cluster are superior to
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those of B' in this case. The skews of each tensor are all near or equal to -1.0 (i.e., σ11 is
distinct and σ22 . σ33), in good agreement with experimental data. The polar plots of the
anisotropic MS tensors for K2PtCl4 and the PtCl42- unit of MGS (Figure 3.12) feature blue and
orange regions indicating directions of high and low magnetic shielding, respectively. The
surfaces show the magnetic shielding response magnitude as a function of the magnetic field
direction and indicate the magnitude, sign, and orientation of the tensor principal
components:99,100 hence, σ11 is oriented perpendicular to the square plane, and σ22 and σ33 are
contained within the square plane, consistent with our arguments based on the experimental
CS tensors and local symmetry of each Pt site. The MS tensors in the Pt(NH3)42+ units are
similarly oriented (not shown). Perhaps most importantly, it is the σ11/δ11 parameters that
show the most difference with structural variation; notably, increases in Pt-Pt distances in the
“columnar” complexes (i.e., the starting reagents and MGS) correspond to decreased
shielding along the direction of σ11/δ11 (i.e., the direction of the Pt-Pt interactions).
Table 3.7. Calculated spin-orbit ZORA 195Pt shielding tensors for MGS and reagents.
ZORA Calculations

a

a,b

Experimental

σ11

σ22

σ33

σiso

Ω

κ

Ω

κ

A

-462.1

6228

6335

4034

6797

-0.9

7200

-1.0

B

-4438

5564

5568

2231

10006

-1

10420

-0.97

B' c

-3121

5826

5831

2845

8952

-1

10420

-0.97

C

-1265

5909

5909

3518

7174

-1

7560

-1.0

Dc

-4571

5666

5666

2254

10237

-1

11400

-1.0

σ is given in ppm, κ is dimensionless.
graphical representation.

b

Labeling scheme according to Table 3.5.
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c

See Figure 3.12 for
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Figure 3.12. Graphical representations of the direction-dependent platinum shielding in (a) MGS
and (b) K2PtCl4, with the corresponding principal components (in ppm) from SO ZORA
calculations. Blue and orange indicate positive and negative shielding, respectively. Polar plots
of the shielding tensors are scaled by 0.025 pm/ppm.

It is of great importance to understand the relationships between differences in
electronic structure and the platinum MS parameters. The results of a localized molecular
orbital (LMO) analysis of platinum magnetic shielding are presented in Tables 3.8 and
B15-17. There are three main classes of LMOs under consideration: Pt non-bonding 5d
orbitals, Pt-ligand bonds and Pt core orbitals. It has previously been shown that it is the 5d
orbitals that make the largest contributions to variations in MS in both Pt(II) and Pt(IV)
complexes,65 and far outweigh the latter two classes of LMOs. In addition, the contributions
to platinum MS from other distant Pt atoms and the counterions (where applicable) are
minimal.
The first four rows of Table 3.8 list the sum totals of contributions to the σiso from
MOs on the Pt atoms, unoccupied MOs, and MOs on the counterions and other Pt atoms,
respectively. The two columns furthest to the right show the differences in MS between the
Pt(NH3)42+ and PtCl42- units in the starting reagents and MGS, respectively. It is clear that the
contributions from Pt-based MOs dominate; these are broken down and listed in the second
portion of the table (rows 5-11) in terms of core Pt MOs, Pt-ligand MOs, ligand MOs, and
the non-bonding 5d Pt orbitals.
The dxy, dxz and dyz orbitals account for the largest contributions to deshielding of the
Pt nuclei in the Pt(NH3)42+ and PtCl42- species of both the starting reagents and MGS. By
contrast, the dz2 orbital is responsible for large shielding contributions for both species in
MGS, and relatively minor shielding contributions for the starting reagents. The result is a
larger net deshielding of the 195Pt nuclei in both the Pt(NH3)42+ and PtCl42- species in MGS
with respect to the starting reagents.
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In previous work, Autschbach and Zheng have shown that large differences in the Pt
shielding between square-planar Pt(II) and octahedral Pt(IV) complexes can be traced back
to the paramagnetic current density induced by the external field in the Pt 5d shell, which
causes Pt deshielding of thousands of ppm in magnitude.65 The major contribution of the dxy
orbital (assumed to be in-plane in this case) in comparison to all of the other orbitals can be
understood by considering the effects of its rotation by an external magnetic field along the
z-direction (for diagrams of the canonical 5d Pt orbitals, see Figure B14). In particular, the
rotated dxy orbital overlaps with unoccupied σ* orbitals (anti-bonding, Pt-ligand MOs),
producing the only very large deshielding contribution along the z-direction (also the
direction of σ11/δ11, Table B16). The dxz and dyz orbitals are rotated in a similar manner by
magnetic fields along the y- and x-directions of the molecular frame, respectively; however,
only two of the lobes of in each case align with the σ* orbitals, while the other two lobes do
not (N.B., the other magnetic field components result in orbitals of π and δ symmetry with
respect to the ligand; contributions to the MS from mixings involving such orbitals are very
small in s-bonded Pt complexes). Individually, the contributions to deshielding of the dxz and
dyz orbitals are less than half that of the dxy orbital, and are directed within in the square plane
(Table B17). Interestingly, these deshielding contributions are partially “counteracted” by
shielding contributions involving rotation of the dz2 orbital by the same magnetic fields
(Tables B16-B17).
The in-plane MS tensor characteristics are very similar for the starting reagents and
MGS; but clearly, the out-of-plane (perpendicular) components of the MS tensors in both the
Pt(NH3)42+ and PtCl42- species in MGS are more deshielded than those of the starting reagents.
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The LMO analysis shows that this does not result from major contributions from anything
other than the dxy orbitals and the magnetic field-induced mixing discussed above. The
question is: why should it differ between the starting reagents and MGS?
It appears that the differences in this perpendicular MS component are largely
attributable to the presence of lower energy anti-bonding σ* orbitals along the Pt-Pt direction
for shorter Pt-Pt distances. Lower energy σ* orbitals allow for additional paramagnetic
currents to be induced in the Pt 5d shell by the magnetic field. The effect is much smaller
in magnitude than that observed between square planar PtCl42- and octahedral PtCl64-, but it
is analogous: covalent interactions in the direction perpendicular to the Pt(II) ligand plane,
no matter how small, provide a mechanism by which an increased paramagnetic current
density can be induced, which in turn causes deshielding perpendicular to the plane.
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4034

σiso

2845

-7919

-91

-3151

-4676

-9

-856

11985

-16

-9

-331

3202

[K8(PtCl4)3]2+ b

3518

-7112

263

-3359

-4016

113

-583

11583

-91

n/a

-391

4000

MGS Pt(NH3)42+

2254

-8534

206

-3639

-5101

-16

-796

11998

-46

n/a

-351

2651

MGS PtCl42-

-516

-677

238

-548

-367

57

125

-15

n/a

n/a

90

-511

Δ Pt(NH3)42+ c

-591

-615

297

-488

-425

-7

60

13

n/a

n/a

-20

-551

Δ PtCl42- c
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Spin-orbit ZORA computations, and breakdown in terms of the natural localized molecular orbitals (NLMOs), obtained from the NBO program of the corresponding
scalar relativistic system (see Experimental section). Separate contributions for all the Pt units, counterion, and variational spin-orbit term (Σ Unocc.) together with
contributions from core (CR), Pt-ligand σ bonds, ligand and Pt 5d lone-pair (LP) NLMOs for the Pt unit is given. The first three columns refer to Pt(2) of the
corresponding cluster in Figure 3.11, the fourth column refers to Pt(3). All values are listed in ppm. b X-ray crystal structure, Pt-Cl: 2.309 Å. Optimized geometries
used otherwise. c Calculated: difference between MGS and reference. Experimental: difference between reference and MGS.

a

-6435

25

Σ Pt non-bond

Pt dz2

-2811

Pt dxz, dyz

56

Σ ligand
-3649

-708

Σ σ(Pt-ligand)

Pt dxy

11598

-6

Σ Other Pt's

Σ Pt CR

9

-481

Σ Unocc.

Σ Counterion

4511

Σ Pt

[(Pt(NH3)4)3Cl8]2-

Table 3.8. Magnetic shielding analysis (in ppm) in terms of NLMOs for Magnus' Green Salt and reagents. a

3.5 - Conclusions
Multinuclear SSNMR has been used in conjunction with complementary pXRD
experiments to investigate the structure of Magnus' green and pink salts, [(Pt(NH3)4][PtCl4],
as well as their precursors, Pt(NH3)4Cl2•H2O and K2PtCl4. In order to produce MPS with only
a minimum of MGS co-product, a new synthetic procedure employing acetone and water was
implemented. All methods of characterization, including SSNMR and pXRD, indicate our
product is composed largely of the pink salt with small amounts of impurities in the form of
the green salt and starting reagents.

195

Pt static WURST-CPMG, BRAIN-CP/WCPMG,

Hahn-echo, and MAS SSNMR experiments show that the 195Pt CS tensor is sensitive to the
presence of Pt-Pt metallophilic interactions in these systems, and that MPS does not feature
such interactions.

14

N and

35

Cl WURST-CPMG SSNMR experiments illustrate the

sensitivity of EFG tensor parameters to small deviations from ideal D4h square planar
symmetry in the Pt(NH3)4Cl2 and K2PtCl4 compounds, and such experiments also confirm
that Magnus' pink salt is composed of square planar [Pt(NH3)4]2+ and approximately square
planar [PtCl4]2- units. A Rietveld refinement of MPS diffraction data resulted in elucidation
of several important crystal structure parameters, including the space group, the unit cell
parameters, and the atomic position of Pt. The resulting MPS Pt-Pt distance of 8.174 Å is
more than twice as long as the MGS Pt-Pt distance, precluding any possibility of
metallophilic Pt-Pt interactions within MPS. Ab initio calculations were performed in order
to correlate NMR parameters and molecular structure, and confirm that differences in
out-of-plane nuclear magnetic shielding give rise to the unique MGS 195Pt SSNMR spectra.
With conclusive evidence that the 195Pt CS tensor is sensitive to metallophilic interactions,
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we plan to employ this combination of ultra-wideline SSNMR along with pXRD techniques
to extend our study across a variety of practical Pt-based systems relying on Pt-Pt
metallophilic interactions.
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Chapter 4: Applications of 195Pt SSNMR
4.1 - Overview
This chapter deals with two applications of

195

Pt SSNMR: first, to the structural

characterization of platinum complexes with hexadentate amino- and imino-phosphine based
ligands, and second, to an investigation of the vapochromic Pt(bpy)CN2 species. The former
work was completed before the advent of the WURST-CPMG and BRAIN-CP/WCPMG
pulse sequences, while the latter application describes ongoing work.
In the first section of this chapter, a new form of hexadentate ligands are discussed
which can bind both Pt(0) and Pt(II) metal centers using either or both of their soft phosphine
moieties and hard amine/imine moieties. In many cases the resulting complexes are
negligibly soluble; hence, 31P and 195Pt solid-state NMR spectroscopy were applied to analyze
the bonding modes of the hexadentate ligands. The

195

Pt SSNMR spectroscopy of these

complexes is particularly challenging, since 1H-195Pt cross polarization is extremely
inefficient, the 195Pt longitudinal relaxation times are extremely long and the 195Pt powder
patterns are expected to be quite broad due to platinum chemical shift anisotropy. It is
demonstrated that the ultra-wideline 195Pt SSNMR spectra can be efficiently acquired with
a

combination

of

f r e q u e n c y- s t ep p ed

p i ecewi s e

acq u i s i t i o n s

and

cross-polarization/Carr-Purcell Meiboom-Gill (CP/CPMG) NMR experiments. The 195Pt and
31

P SSNMR data are correlated to important structural features in both Pt(0) and Pt(II)

species.
In the second section, I discuss specific square-planar Pt(II) compounds which exhibit
reversible vapochromic colour changes in the presence of volatile organic compounds
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(VOCs). This vapochromic behaviour may arise based on VOC incorporation between
platinum layers, or VOC interactions with Pt-based ligands. The Pt(CN)2(bpy) system is a
model of such sensing behaviour and has been studied extensively due to its reversible
incorporation of water vapour, which changes the colour from a vivid red to a vibrant yellow.
Multinuclear SSNMR experiments on these model compounds have been utilized to correlate
the platinum chemical shift tensors, Pt-Pt interactions, and optical activity, along with ab
initio calculations. Our work aims to afford a deeper understanding of the electronic
structures of these systems, permitting their increasingly efficient design and enhancing the
tunability of their optical and electronic properties.

4.2 - Solid-State NMR of Platinum Complexes with Hexadentate Amino- and
Iminophosphine Ligands

4.2.1 - Introduction
The design and synthesis of multidentate ligands, which complex to a variety of
metals via two or more atoms, is a continued area of interest in coordination chemistry.1-3
Multidentate ligands based on the EDTA,4,5 porphyrin,6-8 ethylenediamine,9-11 and
triphenylphosphine12-15 frameworks are often employed for metal complexation. A number
of studies have demonstrated the use of transition metal complexes containing phosphorusor nitrogen-based multidentate ligands in processes such as olefin and ketone
hydrogenation,16,17 allylic alkylation,18,19 Suzuki cross-coupling reactions and hydroboration,20
and olefin oligomerization.21-23
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Hexadentate

ligands

cis,cis-C 6 H 9 (N=CHC 6 H 4 (PPh 2 )) 3

and

cis,cis-

C6H9(NHCH2C6H4(PPh2))3 can bind both Pt(0) and Pt(II) metal centers using either or both
of the soft phosphine moieties and the hard amine/imine moieties. In many cases the
resulting complexes are negligibly soluble. Though crystalline in nature, their insolubility
prohibits the growth of single crystals of the size and quality necessary for single-crystal
X-ray diffraction experiments.

Since the species discussed herein feature both

phosphorus-containing ligands and platinum atoms, 31P and 195Pt solid-state NMR (SSNMR)
experiments should prove useful for their structural characterization. While 31P SSNMR
experiments conducted under conditions of magic-angle spinning (MAS) and cross
polarization (CP) are routine, the

195

Pt SSNMR experiments on such systems are more

challenging, since the platinum chemical shift anisotropies (CSA) are expected to be very
large,24 resulting in extremely broad patterns with correspondingly low signal to noise (S/N)
ratios. However, there are a number of techniques that can be applied which are suitable for
the enhancement of S/N and the acquisition of high quality 195Pt NMR spectra. In particular,
the combination of frequency-stepped piecewise acquisition of extremely broad spectra,25-28
and S/N enhancement via CP and repeated echo acquisition via Carr-Purcell Meiboom-Gill
(CPMG) pulse sequences,29 have proven very successful for the acquisition of ultra-wideline
(UW) SSNMR spectra of both spin-1/2 and quadrupolar nuclei.28,30-32

4.2.2 - Experimental
4.2.2.1 - Sample Preparation
The compounds under study (Scheme 4.1) are based on the reaction of hexadentate
164

ligands cis,cis-C6H9(N=CHC6H4(PPh2))3 and cis,cis-C6H9(NHCH2C6H4(PPh2))3 ligands with
Pt-based precursors, and were synthesized as described in the literature.33,34

4.2.2.2 - Solid-State NMR
Solid-state NMR spectra were collected using a Varian Infinity Plus NMR
spectrometer with an Oxford 9.4 T (1H = 400 MHz) wide-bore magnet with ν0(195Pt) = 87.34
MHz and ν0(31P) = 161.81 MHz. The experiments were performed using 4.0 mm HXY, 4.0
mm HX, and 2.5 mm HX MAS probes along with zirconia rotors. Air sensitive samples
were packed under a dry nitrogen atmosphere and sealed with air-tight Teflon caps in 4.0 mm
o.d. rotors.

195

Pt chemical shifts were referenced with respect to a 1.0 M solution of Na2PtCl6

(δiso = 0.0 ppm) and 31P chemical shifts were referenced with respect to an 85 % solution of
H3PO4 (δiso = 0.0 ppm).
Static

195

Pt NMR experiments were conducted using the cross-polarization

Carr-Purcell-Meiboom-Gill (CP/CPMG) pulse sequence.29 Individual sub-spectra were
collected by stepping the frequency of the transmitter across the full breadth of the powder
pattern in increments ranging from 15 to 30 kHz.25-28 The number of Meiboom-Gill (MG)
loops was set to either 40 or 81, depending on the T2 of the sample. A 1H π/2 pulse width of
1.98 or 2.04 µs was utilized, along with a contact time of 3 or 4 ms, recycle delay of 3 s,
spectral width of 500 kHz, and spikelet separation of 5 or 10 kHz. Each powder pattern
required the acquisition of 8 to 16 sub-spectra which were subsequently co added to form the
overall spectrum. A 1H cross-polarizing power of 40 kHz (195Pt CP power of ca. 60 kHz) and
decoupling power of 75 kHz were used.

195

Pt MAS experiments were conducted using a
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standard Bloch decay pulse sequence with decoupling applied. A π/2 pulse width of 0.83 µs,
spectral width of 1100 kHz, and pulse delay of 30 s were used to acquire the powder pattern.
1

H-31P CP/MAS NMR experiments were performed utilizing the variable-amplitude

cross polarization (VACP) pulse sequence,35,36 along with two-pulse phase modulation
(TPPM) decoupling. A 1H π/2 pulse width of 3.38 µs was employed along with contact times
of 2 and 3 ms, recycle delays of 3 s, and a spectral width of 100 kHz. A 1H cross-polarizing
power of 30 kHz (31P CP power of 55 kHz) and decoupling powers ranging from 56 to 115
kHz were used. Spinning speeds of 10 and 12 kHz were employed. The solid-state 31P MAS
NMR experiments for sample 1 were performed on a Bruker Avance spectrometer with a
4 mm outer diameter MAS probe and a 4 mm o.d. zirconia rotor. The experiments were
performed utilizing two-pulse phase modulation (TPPM) decoupling.37 A 31P π/2 pulse width
of 3.75 µs was employed along with recycle delays of 4 s, and a spectral width of 64 kHz. A
spinning speed of 6.7 kHz was employed. Simulations of solid-state NMR spectra were
performed using the WSOLIDS38 and SIMPSON39 software packages.
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Scheme 4.1: The series of compounds studied via 31P and 195Pt SSNMR.
Compounds are based on the hexadentate ligands cis,cisC6H9(N=CHC6H4(PPh2))3 and cis,cis-C6H9(NHCH2C6H4(PPh2))3, and numbered
for in-text reference.

4.2.3 - Results and Discussion
4.2.3.1 - Solid-State NMR of the Pt(0) Complex
The solid-state 31P{1H} MAS NMR spectrum of 1 (Figure 4.1(a)) shows only one
signal at δiso = 37(2) ppm (δiso = -17 ppm for the uncoordinated ligand).
is observed via the

195

31

P-195Pt J-coupling

Pt satellites (1JP-Pt = 4500(300) Hz), and is similar to that of a

comparable compound, tris(triphenylphosphine)platinum(0) (δ(31P) = 49.9 ppm, 1JP-Pt = 4550
Hz, C6D6).40,41 Initial 195Pt{1H} solution NMR experiments were unsuccessful in detecting
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any resonances for 1; hence, solid-state 195Pt NMR experiments were conducted. Both 195Pt
MAS Bloch decay (single pulse) and 1H-195Pt CP/MAS NMR experiments were attempted
on these samples without any success. Absence of signal in the 195Pt MAS NMR experiments
using long recycle delays (i.e., inter-scan delays of greater than 6 minutes) indicate that the
195

Pt T1 constants must be extremely long, whereas the failure of the 1H-195Pt CP/MAS NMR

experiments, even at very low spinning speeds, suggest that 1H and

195

Pt nuclei are not

proximate, and that the small 1H-195Pt dipole-dipole couplings are averaged, resulting in poor
CP efficiency.
Therefore, a different strategy was applied to acquire these spectra. Static (i.e.,
stationary sample) 1H-195Pt CP NMR experiments were conducted, in order to exploit signal
enhancement from CP and short proton T1’s. However, since these 195Pt static NMR powder
patterns are expected to be broad and have very low signal to noise (S/N), they were acquired
using (i) frequency-stepped piecewise acquisition and (ii) Carr-Purcell Meiboom-Gill
(CPMG) echo trains.27-32 Piecewise acquisition is necessary since the entire

195

Pt NMR

powder pattern cannot be uniformly excited with standard coils and amplifier powers; hence,
the transmitter frequency is stepped in uniform increments across the entire pattern, and
individual sub-spectra are collected and then co-added to produce the final pattern.
Acquisition of CPMG echo trains, the lengths of which are limited by the 195Pt transverse
relaxation time constants, T2, further enhance the S/N.
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Figure 4.1. (a) 31P MAS NMR spectrum of 1, with 1JP-Pt shown; spinning sidebands
are denoted with asterisks. (b) Static 1H-195Pt CP/CPMG NMR spectrum of 1 (bottom
trace). The slightly rolling baseline in (b) is an artifact of the co-addition of the subspectra.
The piecewise 1H-195Pt CP/CPMG NMR spectrum of 1 does not reveal a clearly
resolved, classical platinum CSA pattern (Figure 4.1(b)); rather, the pattern is suggestive of
a distribution of Pt sites, making it difficult to accurately simulate the spectrum and extract
the chemical shift (CS) tensor parameters (see Table 4.1 for parameter definitions). The
169

spikelets comprising this spectrum are the result of the Fourier transformation of the CPMG
echo train. The pattern covers a breadth of ca. 1350 ppm, and is clearly not representative
of an axially symmetric CS tensor (i.e., the skew, κ, does not equal +1 or -1, since there is
no localization of intensity at either the low or high frequency ends of the powder pattern).
The centre of gravity of the pattern is ca. -4750(100) ppm, and is comparable to that of the
tris(triphenylphosphine)platinum(0) compound (δiso = -4600 ppm, in C7D8 at -80°C).40,41 The
relatively small pattern breadth and clearly non-axial CS tensor are consistent with a
distorted, non-planar Pt environment. The insolubility of the yellow precipitate and the
spectroscopic evidence above make us postulate that 1 possesses a polymeric structure
(Scheme 1).

Table 4.1. 1H-195Pt static CP/CPMG NMR chemical shift tensor parameters.
Compound

Site

δiso (ppm) a

Ω (ppm) b

κc

1d

-4750(100)

N/A

N/A

2

-4400(100)

3600(100)

-0.82(4)

1

-4550(100)

3400(200)

-0.88(7)

2

-4300(100)

4500(200)

-0.75(5)

3

-4400(50)
4000(100)
-0.80(7)
4
b
Isotropic chemical shift: δiso = (δ11 + δ22 + δ33)/3. Span: Ω = δ11 - δ33.
c
Skew: κ = 3(δ22 - δiso)/Ω. d Due to disorder at the Pt sites, only the centre of gravity is
reported for the spectrum of this compound, as opposed to the isotropic shift. No CS tensor
parameters could be extracted.
a
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Table 4.2. 1H-31P CP/MAS NMR chemical shift tensor parameters.
1

Compound

δiso (ppm)

J P-Pt (Hz)

1

37(2)

4500(300)

2

10(1)

3400(700)

3

6(4)

N/A

4

32(3), 3(4), -17(4)

3300(700)

4.2.3.2 - Solid State NMR of the Pt(II) Iodine Complexes
For a solid sample of 2, a single resonance was observed using both 1H-31P CP/MAS
and 1H-195Pt CP/CPMG NMR spectroscopy (Figure 4.2), indicating that all coordination sites
have similar bonding modes, and that the 31P nuclei are chemically equivalent. The single 31P
resonance appears at 10.0(1) ppm (1JP-Pt = 3400(700) Hz), and compares very well to a
previously reported complex, [PtI2(2-(diphenylphosphinobenzylidene-α-methylbenzylamine)], which has a chemical shift of 9.4 ppm and 1JP-Pt = 3425 Hz from solution 31P{1H}
NMR spectra.
The

195

Pt CP/CPMG NMR spectrum reveals a sharp, well-defined pattern with

δiso = -4400 (100) ppm, Ω = 3600 (100) ppm and κ = -0.82 (4). These parameters were
obtained by first comparing a simple CSA pattern to the outer manifold of the CPMG spikelet
pattern, and then refining them via simulations of the spikelet pattern using the SIMPSON
simulation package.39 These parameters describe a platinum CS tensor with the following
principal components: δ11 =-2006(3) ppm, δ22 = -5738(3) ppm and δ33 = -5756(3) ppm. The
least shielded (highest frequency) component of the CS tensor, δ11, is the distinct component,
and due to the molecular symmetry, is likely oriented in a direction perpendicular to a
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square-planar Pt environment. The intermediate and most shielded components, δ22 and δ33,
are similar in magnitude, and accordingly, are likely oriented in the square plane in similar
electronic environments. This result is consistent with those for square planar Pt(II)
complexes of analogous systems, including Pt(II)[N(iPr2PSe)2]2 42 and one of the starting
reagents for this reaction, (cod)PtI2. For comparison, a simple

195

Pt{1H} MAS NMR

spectrum was acquired for (cod)PtI2 (Figure 4.3(a)), from which Herzfeld-Berger analysis43
was used to extract the following CS tensor parameters: δiso = -4280 (5) ppm,
Ω = 3470 (50) ppm and κ = -0.85 (4). Due to high Pt wt % and favourable T1(195Pt) values,
MAS spectra could only be acquired of the (cod)PtCl2 and (cod)PtI2 samples.
The 1H-31P CP/MAS NMR spectrum of 3 (Figure 4.4(a)) reveals a single, broad
resonance centered at 6(4) ppm; however, no

195

Pt satellites are clearly discernable

underneath the broad lineshape. There are several chemically distinct 31P sites which give
rise to a distribution of resonances and serve to obscure the satellite peaks arising from
31

P-195Pt J-coupling. However, the

31

P chemical shift is in the typical range for

(NHR2)(PPh3)PtCl complexes, which normally occur at ca. 4 ppm.44
The 1H-195Pt CP/CPMG NMR spectrum of 3 (Figure 4.4(b)) is somewhat more
complex than that of 2. There are overlapping signals corresponding to two different Pt
environments, one having δiso = -4550(100) ppm, Ω = 3400(200) ppm and κ = -0.88(7), and
the other having δiso = -4300(100) ppm, Ω = 4500 (200) ppm and κ = –0.75(5). Due to the
poor S/N and low spectral resolution, the errors associated with these values are high, and it
is difficult to quantify the net contribution from each type of 195Pt site (the simulated powder
patterns are presented in a 1:1 integrated intensity ratio in Figure 4.4(b) for comparison). A
172

series of targeted echo experiments, as employed in Chapters 2 and 3, were never performed
on these compounds, but in retrospect, may be a prudent choice for re-examination of these
CS tensor parameters.
The first set of parameters indicate a Pt site similar to that observed for 2; however,
the second set of parameters, though possessing similar values of δiso and κ, has a
significantly larger span, similar to those of the (cod)PtCl2 species (also acquired with MAS,
Figure 4.3(b)), with δiso = -3360(10) ppm, Ω = 6200(150) ppm and κ = -0.86 (5), and the
planar Pt(II)[S2C2(CF3)2]2 species45 (though it should be noted that the latter species has a
positive skew). Again, the distinct span and negative skew for each pattern indicate that there
are clearly two chemically distinct Pt square planar environments.

4.2.3.3 - Solid State NMR of the Pt(II) Chlorine Complex
The 1H-31P CP/MAS NMR spectrum of 4 reveals a resonance at 3(4) ppm (Figure
4.5(a)). There is a small peak to high frequency, which if treated as a 195Pt satellite, reveals
a 1JP-Pt of 3300(700) Hz, similar to compound 3. However, the low frequency satellite, if it
does exist, is obscured by the presence of a broad resonance at ca. -17(4) ppm, which may
correspond to uncoordinated phosphine moieties. Another resonance at 32(3) ppm is similar
to the phosphorus chemical shift of 1 in C6D6. The 1H-195Pt CP/CPMG spectrum (Figure
4.5(b)) has similar parameters to those observed for 2 and 3 (δiso = -4400(50) ppm,
Ω = 4000(100) ppm; κ = -0.80(7)), again indicating the presence of a square-planar species.
However, the agreement between the simulation and the experimental data is not perfect,
especially in the region of the low-frequency (rightmost) discontinuity. It is possible that
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there is an underlying pattern of low integrated intensity, perhaps corresponding to the
presence of a Pt(0) species; however, we cannot confirm this with MAS NMR experiments
for the reasons discussed above.

Figure 4.2. (a) 31P CP/MAS NMR spectrum of 2, with 1JP-Pt shown;
spinning sidebands are denoted with asterisks. (b) Static 195Pt CP/CPMG
NMR spectrum of 2 (bottom trace), numerical simulation of the CPMG
pattern using SIMPSON (middle trace), and analytical simulation of the
corresponding static pattern using WSOLIDS (top trace).
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Figure 4.3. (a) 195Pt MAS (rot = 15.5 kHz) NMR spectrum of (cod)PtI2 (bottom trace)
and simulation (top trace, using experimental parameters extracted via Herzfeld-Berger
analysis). (b) 195Pt MAS (rot = 15.5 kHz) NMR spectrum of (cod)PtCl2 (bottom trace)
and numerical simulation (top trace, using SIMPSON). In each case, the isotropic peak
is denoted with an asterisk.
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Figure 4.4. (a) 31P CP/MAS NMR spectrum of 3; spinning sidebands are denoted
with asterisks. (b) Static 1H-195Pt CP/CPMG NMR spectrum of 3 (bottom trace),
numerical SIMPSON simulation (middle trace), and analytical WSOLIDS
simulation (top trace).
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Figure 4.5. (a) 31P CP/MAS NMR spectrum of 4; spinning sidebands are denoted with
asterisks. (b) Static 1H-195Pt CP/CPMG NMR spectrum of 4 (bottom trace), numerical
SIMPSON simulation (middle trace), and analytical WSOLIDS simulation (top trace).
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Table 4.3.

195

Pt MAS NMR chemical shift tensor parameters

Compound
(cod)PtI2

δiso (ppm) a

Ω (ppm) b

κc

-4280(5)

3470(50)

-0.85(4)

-3360(10)
6200(150)
-0.86(5)
(cod)PtCl2
b
Isotropic chemical shift: δiso = (δ11 + δ22 + δ33)/3. Span: Ω = δ11 - δ33.
c
Skew: κ = 3(δ22 - δiso)/Ω. d Note that the uncertainties for the analytical HBA simulation for
(cod)PtI2 are significantly lower than that of the approximate SIMPSON simulation.
a

4.2.4 - Conclusions
SSNMR experiments have proven very useful in the characterization of these
insoluble compounds. The 195Pt SSNMR spectra, while challenging to acquire, reveal useful
information about the nature of the Pt sites. The 195Pt SSNMR spectra of the Pt(0) species,
1, reveal some degree of disorder at the Pt centres, as well as a moderate span and non-axial
skew which are consistent with non-square planar Pt sites. On the other hand, the Pt(II)
species are crystalline, and have extremely broad, well-defined CSA patterns which indicate
platinum CS tensors similar to those of other square planar Pt(II) complexes which have been
thoroughly characterized by single-crystal XRD and 195Pt SSNMR spectroscopy. Finally, the
31

P SSNMR spectra are extremely useful for both establishing connectivity/coordination

between Pt and P-containing ligands, and identifying P-containing starting reagents and
by-products of these reactions.
The results presented herein clearly show that both Pt(0) and Pt(II) complexes can be
stabilized by the hexadentate ligand, opening the way for interesting applications in
stabilizing reactive intermediates in catalysis. This study was completed before the
implementation of the WURST-CPMG and BRAIN-CP/WCPMG pulse sequences,46,47 which
have increased the S/N and resolution involved with spectral acquisition of broad powder
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patterns. With the use of WURST-CPMG experiments to map out an overall powder pattern,
followed by targeted Hahn-echo and CP-echo experiments (see Chapters 2, 3), it is now
possible to acquire much higher quality 195Pt SSNMR spectra and more accurate CS tensor
parameters than those detailed in this study.

Nonetheless, the 1H-195Pt CP/CPMG

experiments performed within this study provided sufficient information for the purposes of
structural characterization

4.3 - 195Pt Solid-State NMR Investigations of Vapochromic Pt(bpy)CN2

4.3.1 - Introduction
Square-planar Pt(II) complexes are often found to stack in a columnar fashion at the
molecular level, aligning the central Pt atoms in a linear fashion.48-54 When the interplanar
distance is short enough (i.e., < 3.5 Å), a Pt-Pt metallophilic interaction may result,48,55 which
can alter the optical and electronic properties of the compound. Certain square-planar Pt(II)
compounds can also exhibit reversible vapochromic colour changes in the presence of
volatile organic compounds (VOCs).56-61 This “sensing” or “sniffing” behaviour is postulated
to be a result of VOC incorporation among platinum layers.62 In such systems the colour
change is attributed to interaction of either Pt atoms or coordinating ligands with guest
molecules,58 or to VOC incorporation that effectively alters the Pt-Pt distances and strength
of the concomitant Pt-Pt metallophilic interaction.63
Pt(bpy)CN2 is a model of such sensing behaviour, and has been studied extensively
due to its reversible incorporation of water vapour, which changes its colour from a vivid red
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to a vibrant yellow.54,64,65 The red Pt(bpy)CN2 shows intense temperature-dependent red
luminescence in the solid state,49 while the yellow Pt(bpy)CN2•H2O is only weakly emissive,
at least in part due to modifications of the Pt-Pt metallophilic interaction. The crystal
structure of both the red and yellow compounds are known, and the colour change upon H2O
incorporation is associated with an increase in Pt-Pt distance and deviation from
square-planar columnar stacking.54,66 The red form stacks in a columnar fashion, while the
yellow form stacks in a dimer-like fashion, as seen in Scheme 4.2. In both cases, π-stacking
is absent, due to the staggered orientation of Pt(bpy)CN2 groups along the columnar Pt-Pt
axis.
Such square-planar Pt(II) systems are ordinarily not considered good candidates for
195

Pt SSNMR, owing to their (anticipated) large CSAs and corresponding broad powder

patterns. Despite the difficulties in acquiring 195Pt SSNMR spectra of square-planar species,
the platinum CSA changes dramatically with even the smallest deviation in local structure
about the Pt atoms.67,68 The WURST-CPMG pulse sequence46,69-71 allows for the acquisition
of broad Pt(II) powder patterns within reasonable experimental timeframes,72,73 making
solid-state 195Pt NMR experiments a logical avenue for investigation of vapochromic systems.
The previous chapter (Chapter 3) demonstrated that the 195Pt CS tensor is sensitive to Pt-Pt
metallophilic interactions in the model systems of Magnus' Green and Pink Salts. This
sensitivity should be particularly useful for establishing the origins of vapour-induced colour
changes, and how they correlate with Pt-Pt distances and host-guest vapochromic
interactions, in the Pt(bpy)CN2 system. Along with ab initio calculations, 195Pt SSNMR of
these systems should afford a deeper understanding of Pt-Pt metallophilic interactions and
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local structure, contributing to greater control and tunability of desired macroscopic
properties and in the rational design of vapochromic compounds.
This section details an ongoing study of the Pt(bpy)CN2 system via

195

Pt SSNMR

experiments, as a direct extension of the work on Magnus' Salts and associated Pt-Pt
metallophilic interactions featured in Chapter 3.

195

Pt WURST-CPMG and MAS

experiments have been performed on all systems to investigate any links between the 195Pt
CS

tensor

and

Pt-Pt

metallophilic

interactions.

Experiments

utilizing

the

recently-implemented 1H-195Pt BRAIN-CP/WCPMG experiments are planned for the future.
In addition to the MAS experiments already conducted, a series of Hahn-echo experiments
(of both the DE and CP forms) are planned, in order to extract CS tensor parameters of high
accuracy. This combination of 195Pt SSNMR experiments, as demonstrated in Chapters 2 and
3, holds great promise for the fast acquisition of accurate 195Pt CS tensors from UW NMR
powder patterns.

4.3.2 - Experimental
4.3.2.1 - Sample Synthesis and Preparation
All reagents were purchased from Strem Chemicals Inc. and used without further
purification.

Pt(bpy)CN2 and Pt(bpy)CN2•H2O were prepared according to literature

methods.64 K2PtCl4 and K2Pt(CN)4 were mixed in hot solution to produce a gelatinous
precipitate, identified as Pt(CN)2•xH2O.74 The precipitate was isolated, dried, and later
refluxed with 2,2'-bipyridine (bipy) ligand in pyridine for ca. 20 h. The product was obtained
by cooling the solution, combining with diethyl ether, and then filtering the solid Pt(bpy)CN2
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product on a frit and rinsing with diethyl ether (isolated yield of 40 %). The product was
normally recovered as an orange solid. Elemental analyses and pXRD experiments were used
to verify the purity of the Pt(CN)2•xH2O reagent and the Pt(bpy)CN2 product in a preliminary
manner (Appendix C, Table C1, Figure C1).
Isolation of Pt(bpy)CN2 was accomplished by recrystallizing impure Pt(bpy)CN2 at
least twice from hot ( > 100 EC) dimethylformamide (DMF). Pt(bpy)CN2•H2O was isolated
by recrystallizing Pt(bpy)CN2 two or more times from a hot 1:1 (v/v) H2O:DMF mixture.
The products are vapochromic; both will assume an orange colour upon exposure to
atmosphere at room temperature, although Pt(bpy)CN2•H2O seems to undergo this
transformation very rapidly (i.e, within 10 minutes).

Accordingly, all samples of

Pt(bpy)CN2•H2O were handled in dry, inert atmosphere conditions, and samples were sealed
from ambient conditions during NMR experiments. Pt(bpy)CN2 is stable for days in ambient
conditions, but was nonetheless kept in a vacuum-sealed dessicator between NMR
experiments.

4.3.2.2 - Solid-State NMR
All 195Pt solid-state NMR spectra were collected on a Varian Infinity Plus NMR
spectrometer with an Oxford 9.4 T wide-bore magnet with ν0(1H) = 399.73 MHz and
ν0(195Pt) = 85.59 MHz. All

195

Pt static (i.e., stationary sample) NMR experiments were

conducted using a Varian/Chemagnetics 5 mm HX static probe.

195

Pt magic-angle spinning

(MAS) experiments were performed using a Varian/Chemagnetics 2.5 mm HX probe. All
samples for static experiments were packed into 5 mm o.d. zirconia glass tubes, and samples
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for MAS experiments were packed into 2.5 mm o.d. zirconia rotors. Platinum chemical shifts
were referenced with respect to 1.0 M Na2PtCl6 (aq) (δiso = 0.0 ppm)
195

Pt static NMR experiments were conducted using the WURST-CPMG pulse

sequence.46,69-71 Powder patterns are broad (vide infra), but frequency-stepped acquisition
was not required.

195

Pt NMR experiments used a 50 µs WURST-80 pulse, a sweep rate of

40 MHz/ms from high to low frequency over 2000 kHz, and a spectral width of 2000 kHz.
See Table C2 for full

195

Pt WURST-CPMG experimental parameters.

The static 195Pt NMR Hahn-echo experiment performed on K2Pt(CN)4•xH2O was of
the form (π/2)x - τ1 - (π)y - τ2 - acq, where τ1 and τ2 represent interpulse delays of 20 and 15 µs,
respectively. A π/2 pulse width of 1.69 µs and spectral width of 1000 kHz were used. See
Table C3.

195

Pt MAS NMR spectra were acquired using a standard Bloch-decay experiment,

with a π/2 pulse width of 1.13 µs and spectral width of 1000 kHz. 1H decoupling fields in
excess of 70 kHz were applied for all MAS experiments. See Table C4.
Simulations of all static solid-state NMR spectra were performed using the
WSOLIDS software package.38

In all cases, uncertainties in extracted NMR tensor

parameters for static spectra were estimated by visual inspection of best fit spectra and
bidirectional variation in simulation parameters.

4.3.2.3 - Theoretical Calculations
First principles calculations of NMR tensor parameters were conducted on the
SHARCNET computer network. All calculations were performed on sets of coordinates
derived from reported crystal structures.52-54,66 Proton positions were geometry optimized
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using a Broyden-Fletcher-Goldfarb-Shanno algorithm,75 due to the general unreliability of
the proton positions determined from X-ray diffraction experiments. Plane-wave DFT
calculations employed the CASTEP software package76-79 in the Materials Studio 5.0 software
suite, which uses the gauge-including projector augmented wave algorithm (GIPAW).78 For
all calculations, revised Perdew, Burke and Ernzerhof (rPBE) functionals were used, along
with the generalized gradient approximation for exchange-correlation energy. The “fine”
basis set accuracy within CASTEP was used to automatically set plane wave basis set cutoffs
(400 eV for all compounds) and Monkhorst-Pack k-space grid sizes.
DFT calculations on isolated molecules were performed using the NMR program80
in the Amsterdam Density Functional (ADF) suite,81,82 employing all-electron gauge
including atomic orbitals (GIAO) basis sets for all atoms.83,84 The electron exchange and
correlation functional VWN-BP85-87 were used with Slater-type orbitals. Calculations used
the zeroth-order regular approximation (ZORA),88,89 with a triple-ζ polarized (TZP) basis sets
on all atoms. The platinum chemical shift reference for DFT calculations on isolated
molecules was a geometry-optimized gas phase PtCl62- molecule constrained to Oh
symmetry.90,91 No similar reference is available for plane-wave calculations, as discussed in
Chapter 2.

4.3.2.4 - Elemental Analysis
Microanalyses were performed using a Perkin-Elmer 2400 Series II C, H, N analyzer
in the Centre for Catalysis and Materials Research at the University of Windsor.
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4.3.3 - Results and Discussion
This section is structured as follows: first, 195Pt WURST-CPMG experiments on the
reagent K2PtCN4•xH2O and intermediate Pt(CN)2•xH2O are presented and discussed, along
with a brief correlation of spectra features to structural parameters, particularly for the latter.
Next, the WURST-CPMG spectra of the vapochromic Pt(bpy)CN2 and Pt(bpy)CN2•H2O
compounds are discussed.

195

Pt MAS experiments are then presented in order to differentiate

the vapochromic compounds via their isotropic chemical shifts. Finally, 195Pt SSNMR results
are correlated with ab initio calculations in order to understand the origins of the subtle
differences in CS tensor parameters.

4.3.3.1 - WURST-CPMG Experiments: K2PtCN4•xH2O and Pt(CN)2•xH2O
The structure of K2PtCN4•xH2O and Pt(CN)2•xH2O are shown in Scheme 4.2. The
195

Pt WURST-CPMG NMR spectra are shown in Figure 4.6(a) and (b), with corresponding

CS tensor parameters in Table 4.4 The crystal structure of K2PtCN4•xH2O is well known, and
the compound normally crystallizes as a trihydrate under ambient conditions, with one unique
Pt centre and a Pt-Pt distance of 3.48 Å.53 The lineshape of the K2PtCN4•xH2O powder
pattern appears unique and displays a lack of spectral intensity in comparison to idealized
lineshapes and the simulation (Figure C2). The origins of this unusual powder pattern are
uncertain; spectra with a similar appearance were obtained using both WURST-CPMG and
Hahn-echo experiments, but MAS spectra recorded at high spinning speeds show no
distortions or aberrations (vide infra). However, it is possible the heating of the sample
environment may cause these abnormal powder patterns. K2PtCN4•xH2O exists as a
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pentahydrate below 13EC, a trihydrate at room temperature, a dihydrate above 52EC, and a
monohydrate above 74EC;92 this suggests that NMR sample heating from rf pulses, CPMG
echo trains, and lengthy decoupling times may be contributing to the peculiar lineshape of
K2PtCN4•xH2O.
As expected, the single unique square-planar Pt(II) site in K2PtCN4•xH2O corresponds
to an axially symmetric (κ . -1) CS tensor with a significant breadth, or span (ca. 2600 ppm),
although this span is relatively small in comparison to similar compounds such as
Ba2PtCN4•2H2O.93. Intermolecular hydrogen bonding between H2O and CN ligands occurs
extensively in the K2PtCN4•xH2O system, and such interactions may influence the 195Pt CS
tensor, which may explain the unusual span (i.e., bonding near Pt may move the metal centre
from Pt(II) to a pseudo-Pt(IV) oxidation-state, which is associated with much smaller spans).
The Pt(CN)2•xH2O intermediate has an interesting powder pattern in comparison to
that of K2PtCN4•xH2O (Figure 4.6(b)). The WURST-CPMG spectrum of Pt(CN)2•xH2O
reveals a broad powder pattern that suggests two unique Pt environments are present,
consisting of a broad underlying pattern stretching far to high frequency, and a pattern which
resembles that of K2PtCN4•xH2O (Figure C3). Two platinum CS tensors are extracted from
simulations nearly axially symmetric (κ . -1), indicative of square-planar Pt(II)
environments. The individual Pt species do not appear to be in a 1:1 ratio, and the overall
powder pattern is not very well-defined with regards to the positions of δ11, δ22, and δ33, which
hints at a significant lack of crystallinity or disorder within this compound. In addition,
although long recycle delays between pulses (i.e., 90 s) were employed, it is possible that one
or both 195Pt resonances exhibit long T1(195Pt) values and these direct-excitation spectra do
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not fully reflect the actual quantities of Pt species. pXRD patterns of these sheets are usually
broad and featureless, offering little insight to structure.
The breadth and shape of the Pt(CN)2•xH2O 195Pt powder pattern indicates that this
intermediate is significantly different than the K2PtCN4•xH2O reagent. Although the
synthesis of Pt(CN)2•xH2O has been known for some time,74 its structure was only recently
described as a nanocrystalline material containing small, H2O-terminated sheets of
vertex-sharing square-planar Pt(CN)4 units, where the edges of the sheets make up a
significant fraction of the material.94 Our 195Pt NMR spectrum supports this structural model:
the narrow, dominant powder pattern is similar to that of the K2PtCN4•xH2O reagent and
corresponds to square-planar PtCN4 units within the networked interior of the Pt(CN)2•xH2O
nanosheets, while the broad, underlying Pt powder pattern is assigned to square-planar
Pt(CN)3(H2O) units located at the exterior of the nanosheets. The low amount of hydrogen
detected in elemental analyses (Table C1) of our Pt(CN)2•xH2O intermediate suggests that
our sheet sizes are rather large (i.e., > 30 Å x 30 Å),94 which would lead to an uneven
distribution of Pt nuclei between the exterior and interior of the sheet. A 2:1 ratio of Pt
populations was necessary to properly simulate experimental spectra, (Figure C3) although
the non-ideal lineshape and uncertainty regarding T1(195Pt) values prevents any authoritative
statement on relative populations of Pt sites.
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Scheme 4.2 - The compounds under study, from left: (a) K2PtCN4•xH2O, (b) PtCN2•xH2O, (c) Pt(bpy)CN2, (d) Pt(bpy)CN2•H2O.
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E = Hahn echo experiment, W = WURST-CPMG experiment, M = MAS experiment.
= δ11 - δ33. d Skew: κ = 3(δ22 - δiso)/Ω.

a

b

κd

c

Span: Ω

-0.67(3)

-0.66(3)

-0.87(3)
-0.90(3)

-0.99(1)
-0.99(1)
-

Isotropic chemical shift: δiso = (δ11 + δ22 +δ33)/3.

Table 4.4 Platinum chemical shift tensor parameters determined from 195Pt static and MAS NMR experiments.
δ22 (ppm)
δ33 (ppm)
δiso (ppm) b
Ω (ppm) c
Compound
Site Method a δ11 (ppm)
K2PtCN4 • xH2O
W
-3030(30)
-5740(30)
-5750(30)
-4840 (30)
2730(60)
E
-3020(20)
-5760(20)
-5770(20)
-4860 (20)
2750(40)
M
-4840 (7)
PtCN2•xH2O
1
W
-2910(30)
-5580(30)
-5760(30)
-4750 (30)
2850(60)
2
W
-1640(30)
-5580(30)
-5780(30)
-4330 (30)
4140(70)
Pt(bpy)CN2 (Red)
W
-720(30)
-4650(30)
-5460(30)
-3610 (30)
4740(60)
M
-3606(7)
Pt(bpy)CN2•H2O (Yellow)
W
-670(30)
-4660(30)
-5440(30)
-3590 (30)
4780(70)
M
-3689(7)

Figure 4.6 - 195Pt WURST-CPMG spectra of: a) K2PtCN4•xH2O, (b) PtCN2•xH2O, (c)
Pt(bpy)CN2, (d) Pt(bpy)CN2•H2O.
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4.3.3.2 - WURST-CPMG Experiments: Pt(bpy)CN2 and Pt(bpy)(CN)2•H2O
The WURST-CPMG spectra of Pt(bpy)CN2 and Pt(bpy)CN2•H2O are shown in Figure
4.6 (c) and (d). Both the red and yellow compounds have broad patterns (ca. 4800 ppm) in
comparison to those associated with [PtCN4]2- species and indicate non-axially symmetric CS
tensors. Overall, the Pt(bpy)CN2 and Pt(bpy)CN2•H2O powder patterns appear very similar
in terms of breadth and chemical shift, which may not be unexpected given the similar
coordination of the Pt(bpy)CN2 units about Pt in both systems.
Simulations of the spectra yield sets of CS tensor parameters that are identical within
experimental uncertainly, inviting the preliminary hypothesis that

195

Pt SSNMR is not

sensitive to the slight structural changes about the Pt centre between these systems.
However, close inspection of the δ11 region of the WURST-CPMG spectra (Figure 4.7)
reveals a subtle difference of ca. 60 ppm between the species, and this difference is not due
to experimental uncertainty. The same analysis, as applied to the δ22 and δ33 regions of the
individual powder patterns, revealed no additional discrepancies in tensor parameters. Pt-Pt
distances in these systems are remarkably similar, 3.3388(1) Å in the red form and
3.3279(3) Å in the yellow form, so it is not unexpected that 195Pt CS tensor parameters may
also be similar. Since WURST-CPMG experiments cannot convincingly differentiate
Pt(bpy)CN2 and Pt(bpy)CN2•H2O, 195Pt MAS experiments were conducted.
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Figure 4.7 - 195Pt WURST-CPMG spectra and simulations of (a) Pt(bpy)CN2 and (b) Pt(bpy)CN2•H2O. Inset left:
δ11 region of the powder patterns.

4.3.3.3 - MAS Experiments
MAS spectra of K2PtCN4•xH2O, Pt(bpy)CN2 and Pt(bpy)CN2•H2O are shown in
Figure 4.8, with tabulated parameters found in Table 4.4.

The MAS spectrum of

K2PtCN4•xH2O is useful for confirming δiso, but will not be discussed further. Of interest are
the MAS spectra of Pt(bpy)CN2 and Pt(bpy)CN2•H2O, which yield two distinct values of δiso
(Figure C4) and serve to differentiate the species. The δiso value of Pt(bpy)CN2 extracted
from MAS spectra is consistent with that from WURST-CPMG experiments; however, the
same is not true of Pt(bpy)CN2•H2O.
The discrepancy in the measured δiso values of Pt(bpy)CN2•H2O between static
WURST-CPMG and MAS experiments is puzzling, and no immediately obvious reason for
this is apparent. The difference in shifts may be due to temperature dependence of δiso(195Pt)
in this system (i.e., frictional heating of the sample associated with MAS experiments).
Although this effect is commonly observed in other heavy nuclei such as 207Pb, it may apply
to 195Pt δiso values in this system, particularly since the crystal structure of the red form has
a strong anisotropic thermal expansion in the direction coincident with the Pt-Pt interaction.49
The existence of such a crystallographic thermal dependence in the yellow form could
explain the discrepancies between static and MAS

195

Pt δiso values, although further

experiments are surely required to explore this hypothesis.
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Figure 4.8 - 195Pt MAS NMR spectra of: (a) K2PtCN4•xH2O, (b) Pt(bpy)CN2, and (c) Pt(bpy)CN2•H2O. Isotropic
chemical shifts are marked with an asterisk (*).

4.3.3.4 - Theoretical Calculations
Regardless of small differences in reported chemical shift, 195Pt WURST-CPMG and
MAS experiments both indicate that Pt magnetic shielding (MS) is similar for Pt(bpy)CN2
and Pt(bpy)CN2•H2O. Ab initio calculations using standard DFT methods (i.e., the ADF
software package) and plane-wave DFT methods (i.e., the CASTEP software package) were
employed to calculate Pt MS shielding tensors for models of these systems (Table 4.5 and
4.6, respectively). It is evident from the poorly-predicted κ values that standard DFT
methods, which consider only isolated clusters, are ill-suited for investigating such systems.
Good agreement with experimental κ values is observed between plane-wave DFT methods
and the experimental 195Pt CS tensor parameters, while prediction of Ω remains problematic.
Comparison of the calculated MS tensors for Pt(bpy)CN2 and Pt(bpy)CN2•H2O reveal
similar values for κ and Ω. In examining the individual tensor components, plane-wave DFT
calculations predict a negligible difference in σ11 between these systems, and small
differences between the sets of σ22 and σ33 values. The small isotropic shift differences and
very similar sets of CS and MS tensor parameters for these systems suggest that changes
between Pt(bpy)CN2 and Pt(bpy)CN2•H2O may not be related to differences in the Pt-Pt
metallophilic interaction. Alternately, the 195Pt CS tensor may not be sufficiently sensitive
to the small changes in Pt-Pt distance within this particular molecular framework, or perhaps
any changes in Pt shielding are obscured by other, more significant chemical differences
between these systems.
NLMO calculations on Magnus' Green and Pink Salts (Chapter 3) have shown that
the dxy Pt 5d MO is the most important for deshielding of the σ11 component in these systems,
195

not necessarily the 5dz2 orbital contributions. Since it is assumed that there are very few
differences in the dxy Pt 5d molecular orbitals between these chemically similar systems, it
stands to reason that deshielding contributions, and hence σ11, should be similar for both
Pt(bpy)CN2 and Pt(bpy)CN2•H2O.

196

Experimental

Calculated

Pt(bpy)CN2•H2O (Yellow)

Experimental

Calculated

Pt(bpy)CN2 (Red)

Experimental

Calculated

K2PtCN4•xH2O

Compound

3551

3246

-239

σ11
(ppm)

4092

4030

-218

σ22
(ppm)

6093

6138

308

σ33
(ppm)

4579

4471

-50

σiso
(ppm)
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-670(65)

-2026

-719(65)

-1721

-3021(34)

1764

δ11
(ppm)

-4656(65)

-2567

-4653(64)

-2504

-5758(26)

1744

δ22
(ppm)

-5444(55)

-4568

-5458(55)

-4613

-5771(25)

1217

δ33
(ppm)

Table 4.5 Pt MS tensor parameters calculated via standard DFT methods on isolated clusters.a

-3590(40)

-3054

-3610(40)

-2946

-4840(20)

1575

δiso
(ppm)

4775(75)

2541

4740(75)

2892

2750(40)

547

Ω
(ppm)

-0.67(3)

0.57

-0.66(3)

0.46

-0.99(1)

0.93

κ

2782

2799

3893

σ11 (ppm)

5451

5889

7680

σ22 (ppm)

6368

6758

7731

σ33 (ppm)

4867

5149

6435

σiso (ppm)

3585

4740(75)

3959

2750(40)

3838

Ω (ppm)

-0.49

-0.66(3)

-0.56

-0.99(1)

-0.97

κ
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Experimental
4775(75)
-0.67(3)
a
All calculations listed used a triply-ζ polarized basis set. See Experimental section for complete details. Referencing plane-wave DFT
calculations to the usual Pt chemical shift standard, PtCl62- unit, poses several challenges due to the isolated nature of the unit and the
periodic nature of the calculations. As such, only MS tensor parameters are listed.

Calculated

Pt(bpy)CN2•H2O (Yellow)

Experimental

Calculated

Pt(bpy)CN2 (Red)

Experimental

Calculated

K2PtCN4•xH2O

Compound

Table 4.6 Pt MS tensor parameters calculated via plane-wave DFT methods.a

4.3.4 - Conclusions and Future Work
K2PtCN4•xH2O, PtCN2•xH2O, Pt(bpy)CN2 and Pt(bpy)CN2•H2O compounds have
been studied via 195Pt solid-state NMR, and the spectra reflect important structural features.
Spectra of PtCN2•xH2O agree with a recently-proposed structural model of disordered
nanosheets, while the very similar spectra of Pt(bpy)CN2 and Pt(bpy)CN2•H2O indicate that
vapochromism effects may not solely arise from Pt-Pt metallophilic interactions, consistent
with ab initio calculations that predict small changes in Pt magnetic shielding arising from
in-plane, rather than out-of-plane, shielding contributions.
1

H-195Pt BRAIN-CP/WCPMG experiments afford great promise for the study of such

systems. Given the lengthy T1(195Pt) values associated with these Pt(bpy)CN2 compounds,
large gains in experimental times and S/N could be realized from reliance on the relatively
much shorter T1(1H) value in these systems. In addition, BRAIN-CP experiments allow
potential discovery of any unobserved 195Pt powder patterns associated with exceptionally
lengthy T1(195Pt) values . With improved spectral resolution through use of highly accurate
DE and CP Hahn-echo experiments, odds are higher for observation of subtle changes in 195Pt
spectra which may be linked to Pt-Pt metallophilic interactions. Since uncertainty exists
regarding the origins of the vapochromism in this system, and tendency of ligands to
influence vapochromism in other Pt materials,58 1H-14N BRAIN/CP-WCPMG experiments
also seem enticing for examination of the (bpy) environment.
Recrystallization of the Pt(bpy)CN2•H2O product and re-acquisition of several 195Pt
MAS spectra is crucial, given the uncertain origin of inconsistencies in δiso from
WURST-CPMG and MAS experiments. 1H-195Pt BRAIN-CP/WCPMG experiments should
199

also provide additional confirmation of δiso. Although the differences in δiso may not be due
to sample heating, the known anisotropic expansion/contraction of the Pt(bpy)CN2 unit cell
along the direction of the Pt-Pt metallophilic interaction presents an excellent opportunity for
a variable-temperature (VT)

195

Pt NMR study of the relation between Pt-Pt length,

metallophilic interaction, and 195Pt CS tensor parameters. Such experiments should provide
definitive proof of 195Pt CS tensor sensitivity to the Pt-Pt metallophilic interactions in such
square-planar Pt(II) systems. Lastly, judging from the promise shown by NLMO calculations
of predicting shielding in Magnus Green Salt (Chapter 3), ab initio calculations may be used
as a powerful, predictive tool for understanding shielding differences in these compounds.
Ab initio calculations may be also be performed to study the HOMO-LUMO energies in the
Pt(bpy)CN2•H2O system, in an attempt to ascertain the origins of vapochromism in these
stacked square-planar Pt(II) systems.
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Chapter 5: Multinuclear Solid-State NMR of (H3O)Y3F10 • xH2O Nanoparticles
5.1 - Overview
The combination of multinuclear solid-state NMR and powder X-ray diffraction
(pXRD) has been applied to characterize the octahedron-shaped crystalline nanoparticle (NP)
products resulting from the inverse micelle synthesis. Rietveld refinements of the pXRD data
from all of the NPs reveal their general formula to be (H3O)Y3F10 • xH2O. 1H MAS NMR
experiments provide information on sample purity, as well as serving as an excellent probe
of the zeolithic behaviour of atmospheric water.

19

F MAS NMR experiments on a series of

monodisperse NP samples of various sizes yield spectra featuring three unique

19

F

resonances, which arise from the three unique 19F sites within the (H3O)Y3F10 • xH2O crystal
structure. Partial removal of zeolithic water from the internal cavities and tunnels of the NPs
leads to changes in the integrated intensities of peaks in the 19F MAS NMR spectra; the origin
of this behaviour is discussed in terms of

19

F longitudinal relaxation.

19

F-89Y

variable-amplitude cross-polarization (VACP) NMR experiments on both stationary samples
and samples under conditions of magic-angle spinning (MAS) indicate that two distinct
yttrium environments are present, based on relative peak intensities, the populations of one
of the two sites is closely linked to NP size. Both 19F MAS and 19F-89Y VACP/MAS
experiments indicate small amounts of an impurity present in certain NPs; these are
postulated to be spherical amorphous YF3 NPs. We discuss the importance of probing
molecular-level structure in addition to microscopic structure, and how the combination of
these characterization methods is crucial for understanding NP design, synthesis, and
application.
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5.2 - Introduction
Nanoparticles (NPs), small clusters of atoms with dimensions on the order of 10-9 to
10-6 m, exhibit a wide array of unique properties not observed in bulk materials. As such,
NPs are intensively studied, in large part, due to their potential applications in bioimaging,
drug delivery, and optics.1-6 Many NPs contain rare earth7-9 and lanthanide10-19 elements,
which are important for their contributions to composition and structural makeup of the NP,
as well as novel physicochemical behaviour (e.g., enhanced optical properties, reactivities,
etc.). An understanding of their sub-nanoscale structure is crucial for revealing the
molecular-level origins of these unique properties and assisting in their future rational design.
Recently, the preparation of yttrium fluoride (YF3) NPs has been reported,20,21 with
an exceptional level of control exhibited over the size, shape, and crystallinity of the final
products. These NPs have octahedral shapes, and their electron diffraction patterns do not
match that of bulk YF3, indicating that different phases are formed during the synthesis.20
The combination of physical (size, shape) and chemical (phase, crystallinity) control over the
product afforded by NP synthesis naturally presents a variety of possible applications for rare
earth and lanthanum fluoride-based NPs.22-28
NPs are typically characterized by electron microscopy and UV-Vis spectroscopy.
The former technique yields information on the size and morphology of NPs, whereas the
latter sheds light upon the molecular/atomic origins of optical properties. Powder X-ray
diffraction (pXRD) methods are also often used to characterize crystalline NPs and offer the
opportunity for determination of the crystal space group, and in some cases, the parameters
of the unit cell and associated crystal structure.29-39 In the case of partially or fully amorphous
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NPs, pXRD can provide some useful data regarding crystallinity and NP size, but information
pertaining to long-range structure and atomic bonding/interactions is generally unavailable.
Solid-state nuclear magnetic resonance (SSNMR) experiments are often employed
to study NPs, providing information on the molecular-level structure,40-44 short- and
long-range order,45-48 core/shell interfaces,49-52 ligand/NP interactions,53-57 and dopants.58-61 1H
and 13C SSNMR experiments are often applied to study the nature of stabilizing organic
surface ligands on inorganic NPs. The structures of NPs with inorganic cores can be further
probed if there are nuclides present which are amenable to study by NMR spectroscopy. The
YF3 NPs described herein can be probed from both perspectives, but of particular interest to
us are the inorganic cores.

19

F and

89

Y are both spin-1/2 nuclei, both 100% naturally

abundant, and possess moderate chemical shift ranges.
89

19

F is highly receptive,62,63 whereas

Y is as an unreceptive, low-γ nucleus due to its low gyromagnetic ratio. Furthermore, 89Y

SSNMR experiments utilizing direct excitation suffer from poor signal-to-noise ratios (S/N)
due not only to the low γ but also the lengthy longitudinal relaxation times (T1);64 hence, 89Y
NMR spectra are often acquired using cross-polarization methods.
Herein, we present a comprehensive SSNMR and pXRD study of crystalline
YF3-based NPs, in order to study the NP composition, crystal space group and associated
structural parameters. pXRD experiments and Rietveld refinements are used to identify the
structure of the unknown phase of the crystalline octahedral NPs.

89

Y and 19F SSNMR

experiments on NPs of varying size are utilized to examine the unique Y and F environments,
and the corresponding NMR resonances are correlated to crystallographic sites. The
combination of two complementary characterization methods provides an understanding of
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the product composition, purity, and molecular-level structure obtained via this NP synthesis,
as well as interactions between NP surfaces and water vapour. The identity of ligands on the
NP surfaces is also investigated. Finally, we discuss the value of an intimate knowledge of
NP structure and compositon, and its relation to synthetic methods and starting materials,
which is esssential for the future rational design of NPs with controllable and tunable bulk
properties.

5.3 - Experimental
5.3.1 - Synthesis of Single Crystal (H3O)Y3F10 • xH2O Nanoparticles
All chemicals were supplied by Sigma Aldrich and used as received without further
purification. Octahedral nanocrystals of different sizes were prepared using variations of a
previously described method.20 The general procedure consists of the addition of aqueous
fluoride to a solution of YCl3 dispersed within reverse micelles, which frequently results in
a mixture of particle populations that differ in shape or crystallinity. In order to facilitate
spectral analysis, synthetic conditions were selected so as to maximize the production of a
uniform population of monodisperse octahedral (H3O)Y3F10 • xH2O NPs. The reagent
quantities are reported as absolute values, rather than concentrations, because the resultant
particle size depends slightly on the overall volume of solution (Table 5.1). NPs doped with
5% scandium were also prepared. For each sample, reverse microemulsions were prepared
by mixing an aqueous solution of YCl3, cyclohexane and the surfactants
p o l yo x ye t h yl e n e ( 5 ) n o n yl p h e n yl e t h e r

( Ig e p a l

CO520)

and

sodium

bis(2-ethylhexyl)sulfosuccinate (AOT). Microemulsions were homogenized with a magnetic
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stirrer followed by 10 minutes in an ultrasonic bath. An aqueous solution of NH4HF2 was
then added directly to the microemulsion, with vigorous stirring under ambient conditions.
Stirring was maintained over a week to ensure completion of particle growth. The resulting
suspensions of (H3O)Y3F10 • xH2O nanocrystals appeared clear and were deposited directly
on transmission electron microscopy (TEM) grids. NPs for NMR analysis were isolated from
the microemulsions by evaporation of the cyclohexane, dissolution in methanol and
centrifugation.

Soluble counterions and surfactants were removed by four

dispersion/centrifugation cycles using water, followed by methanol. The resulting white
powders were used for NMR measurements.
A separate batch of 83 nm (H3O)Y3F10 • xH2O NPs were synthesized in order to study
the effects of sample hydration on 89Y NMR spectra; these SSNMR experiments were
performed after experiments on all of the other NP particles had been conducted, as earlier
samples (i.e., 21, 37, 49, 67 and 132 nm NPs) were not present in sufficient quantities for
continued NMR experimentation. Experimental parameters related to the synthesis of these
83 nm NPs are listed in Table 5.1. The 83 nm NPs do not appear in any portions of this work
aside from 19F- 89Y NMR experiments.
TEM images and electron diffraction patterns were recorded with a JEOL JEM-1230
at an accelerating voltage of 120 kV. Samples were prepared by allowing a drop of the
(H3O)Y3F10 • xH2O suspensions, as obtained by the syntheses described above, to dry directly
on a carbon coated nickel microscope grid. Size measurements were made on randomly
selected particles with the Scion Image software. Since TEM provides two-dimensional
projections, the octahedral particles appear as hexagons. Particle size was not measured from
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two opposite corners of the observed hexagons because these two points are not in the same
plane and the length measured would therefore be inaccurate. Instead, the measurements
were made between two adjacent corners which correspond to an actual octahedron edge.
The octahedral particle sizes reported in this paper refer to length of the octahedron edge.
Figure 5.1 shows TEM images of the 67 and 37 nm (H3O)Y3F10 • xH2O NPs. All samples in
this study feature a single population of monodisperse NPs, except for the 21 nm sample, for
which small numbers of spherical amorphous particles and triangular prism particles are also
observed via TEM. The spherical amorphous NPs are postulated to be composed of YF3, and
the triangular prism particles have the same electron diffraction pattern as octahedral NPs
(i.e., the two shapes of crystalline NPs share a common crystal structure.20 No synthetic
conditions were found that allowed for the complete elimination of these secondary particle
populations.
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Table 5.1. Synthetic parameters for (H3O)Y3F10 • xH2O nanoparticle samples.
Particle
Size (nm) a

Cyclohexane
Volume (mL)

Igepal
Mass (g)

AOT
Mass (g)

Aqueous
Volume (mL )b

[YCl3(aq)]
(mmol/L)c

21

450

60

-

12

40

37

450

54

6

15

40

67

90

10.8

1.2

3

500

132 d

90

3

-

3

500

49

450

54

6

15

38 e

83

300

36

4

10

400

a

The octahedral particle sizes reported in this paper refer to length of the octahedron edge. See text for details.
The volume of aqueous NH4HF2 added to the microemulsion equals the volume of the aqueous solution of
YCl3 initially present. c [NH4HF2(aq)] = [YCl3(aq)] d Sample prepared at 8EC, all others at room temperature.
e
2 mmol/L ScCl3 was added to the initial aqueous solution to obtain YF3:Sc 5% doped nanoparticles.
b

Figure 5.1. TEM images of octahedrally-shaped (H3O)Y3F10 • xH2O nanoparticles. (a)
67 nm nanoparticles, demonstrating octahedral crystallinity of individual nanoparticles
(red octahedron edges used for size measurements). (b) 37 nm nanoparticles,
exhibiting limited long-range order within the nanoparticle sample.

5.3.2 - Solid-State NMR
Solid-state NMR spectra were collected on a Varian Infinity Plus NMR spectrometer
with an Oxford 9.4 T (ν0(1H) = 399.73 MHz) wide-bore magnet with ν0(19F) = 376.73 MHz
and ν0(89Y) = 19.69 MHz.

1

H and 19F magic-angle spinning (MAS) experiments were
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performed using a Varian/Chemagnetics 2.5 mm HX probe. All 89Y experiments, both static
(non-spinning) and MAS, were conducted using a Varian/Chemagnetics 4 mm HXY probe.
A Chemagnetics low-γ tuning box and preamplifier were used on the X channel for all 89Y
NMR experiments. All samples were packed into 2.5 mm or 4 mm o.d. zirconia rotors. 1H
chemical shifts were referenced to tetramethylsilane (TMS, δiso = 0.0 ppm) using adamantane
(δiso = 1.85 ppm) as a secondary reference.

19

F chemical shifts were referenced with respect

to neat CFCl3 (l) (δiso = 0.0 ppm) using Teflon ((C2F4)n, δiso = -122.0 ppm) as a secondary
reference. 89Y chemical shifts were referenced to a 1.0 M YCl3 (aq) solution (δiso = 0.0 ppm).
45

Sc experiments were attempted; however, the spectra were found to be uninformative, and

are not discussed further in this work.
1

H NMR spectra were acquired at a spinning speed of 25 kHz using a standard Bloch

decay pulse sequence, with a π/2 pulse width of 3.0 µs, spectral width of 100 kHz and recycle
delay of 5 s. The spectrum of an empty rotor containing Teflon tape (used to fill the space
between the cap and sample) was used to correct experimental spectra for background signal,
of which there was little (Figure D1). See Table D1 for additional 1H experimental
parameters.

19

F MAS NMR spectra were acquired at a spinning speed of 25 kHz under

rotor-synchronized conditions using a standard Hahn-echo experiment of the form
(π/2)x - τ1 - (π)y - τ2 - acq, where τ1 and τ2 represent interpulse delays of 40 and 10 µs,
respectively. A 19F π/2 pulse width of 2.1 µs and spectral width of 400 kHz were used, along
with pulse delays of 5 s and 30 s to ensure complete longitudinal (T1) relaxation of 19F nuclei.
Generally, at least two different spinning speeds were employed for all experiments to
distinguish isotropic chemical shifts from spinning sidebands; however, only spectra with a
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spinning speed of 25 kHz were used for analysis due to enhanced signal and resolution of
isotropic chemical shifts. See Table D2 for full listings of 19F NMR experimental parameters.
19

F-89Y cross polarization65 (CP) NMR experiments were performed using the

variable-amplitude cross-polarization (VACP) pulse sequence66,67 with two-pulse
phase-modulation (TPPM) 19F decoupling.68 For these experiments, 19F π/2 pulse widths of
2.5 µs were applied, with contact times from 5 to 11 ms and recycle delays of 5.0 s. Spectral
widths of 40 kHz were generally used. Hartmann-Hahn matching fields of 22 kHz for 19F and
43 kHz for 89Y were used in all instances. Experiments were either conducted on static
(non-spinning) samples, or at a spinning speed of 5 kHz. A 19F decoupling field of 48 kHz
was employed in all experiments. For complete experimental details, refer to Table D3.
Simulations of all static solid-state NMR spectra were performed using the
WSOLIDS software package.69 In all cases, uncertainties in the extracted NMR tensor
parameters were estimated using bidirectional variation within the simulation software. The
uncertainties associated with individual chemical shielding tensor components (δ11, δ22 and
δ33) were calculated through propagation of error from experimental δiso, Ω and κ values.
Processing, line-fitting, and integration of spectra was performed using the NUTS software
package from Acorn NMR. Figure 5.4 was created with the Vesta software program.

5.3.3 - Powder X-ray Diffraction
Powder X-ray diffraction (XRD) experiments were performed on a Bruker AXS
HI-STAR system using a General Area Detector Diffractions system with a Cu Kα
(λ = 1.54056 Å) radiation source. Simulations of powder XRD patterns from known crystal
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structures70 were performed using PowderCell software.71 Rietveld refinements72 of the
67 nm diameter NPs were completed using the Fullprof suite of programs.73,74 Refinements
were conducted for 47 variables, including background coefficients, detector zero point,
lattice parameters and profile coefficients.

5.4 - Results and Discussion
This section is organized as follows: pXRD data for the bulk YF3 and NP samples are
presented. Refinement of the pXRD data leading to the crystal space group assignment of
the NPs is introduced, along with the determination of associated unit cell parameters. 1H
and 19F solid-state NMR data are then presented.

19

F MAS NMR spectra and the correlation

of individual resonances to sites in the refined crystal structure are discussed, accompanied
by 19F chemical shift (CS) tensor parameters extracted from these spectra. Following this,
19

F-89Y VACP/MAS SSNMR spectra are presented and compared to predictions from

crystallographic data, along with an analysis of the dependence of spectral intensities on NP
size and interactions with surface species. Finally, 89Y CS tensor parameters extracted from
static 19F-89Y VACP spectra are discussed.

5.4.1 - Powder X-ray Diffraction
Powder XRD experiments were completed for NPs with diameters of 132, 67, and
37 nm, respectively. Bulk YF3 belongs to space group Pnma; however, our pXRD data
(Figure 5.2) indicates that the NPs crystallize in a different space group. This was also
reported in a study by Lemyre et al., in which it was found that NPs with different diameter
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sizes exhibited identical electron diffraction patterns that could not be indexed to the same
orthorhombic symmetry as bulk YF3.20
The pXRD data for NPs with diameters of 132, 67, and 37 nm allowed the peaks to
be indexed to a cubic symmetry, in space group Fd-3m, with a lattice parameter, a, of ca. 15.5
Å. Search-match software analysis indicates that these materials adopt a diamond-like
structure similar to those previously reported for (H3O)Ln3F10·xH2O, where Ln = Lu, Yb, Tm,
Er or Y,75,76 and [C3N2H12]0.5Y3F10.77 The Rietveld refinement completed for the 67 nm
diameter NPs displays excellent agreement with the calculated model (wRp = 3.99 % and
χ2 = 1.14, Figure 5.3) and is consistent with previous examples.75-78 Full refinement details
are given in Tables 5.2 and 5.3.

Table 5.2. Structural parameters for the 67 nm (H3O)Y3F10 • 0.6H2O nanoparticles. Space
group Fd-3m, a = 15.4876(9) Å and V = 3715.0(4) Å3. χ2 = 1.14, wRp = 3.99 % and
Rp = 6.23 %.
Atom

Site

x

y

z

Fractional
Occupancy

Y

48f

0.375(2)

0.375(2)

0.0520(3)

1

F1'

96h

0

0.8641(8)

0.5

1

F1'

96h

0

0.1359(8)

0.5

1

F2'

32

0.219(1)

0.219(1)

0.219(1)

1

F3'

32

0.048(1)

0.048(1)

0.048(1)

1

H3O+

16d

0.5

0.5

0.5

1

H2O

48f

0.375(2)

0.375(2)

0.321(4)

0.21(2)

218

219

Figure 5.2. pXRD patterns collected for bulk YF3 (space group Pnma) and (H3O)Y3F10 • xH2O nanoparticles,
(space group Fd-3m), with nanoparticle diameters listed in nm. A simulated pXRD pattern for bulk YF3 is
displayed at the bottom.
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Figure 5.3. Rietveld profile for the 67 nm diameter (H3O)Y3F10 • xH2O nanoparticles using the space group
Fd-3m.

Table 5.3. Relevant interatomic lengths obtained from Rietveld refinement of the 67 nm
diameter (H3O)Y3F10 • 0.6H2O nanoparticle pXRD pattern.
Bond

Bond Length (Å)

Y - F1'

2.337(8)

Y - F2'

2.42(2)

Y - F3'

2.29(2)

F1' - O

2.49(4)

The diamond-like structure exhibited by these materials (Figure 5.4) has been
described extensively in the literature.75,77,78 The yttrium ions are in eight-coordinate square
antiprismatic polyhedral sites that are face shared around a distorted cubic cavity to form a
larger octahedral-like [Y6F32]14! building block, which is termed as an octahedral unit of
antiprisms (UOA). Edge and corner shared UOA are linked to form a three-dimensional
cage-like structure, which allows for movement of H2O molecules within channels and
cavities. In all previous models, the inclusion of charge-balancing ions are reported. It is
therefore likely that hydronium ions as well as water molecules are located within the cavities
of the structure. This is consistent with the model proposed for (H3O)Y3F10 • xH2O in which
cavities and channels are statistically populated by zeolithic water molecules, while the
hexagonal-shaped cavity entry points within the channels are occupied by H3O+.75,76 Rietveld
refinements were improved by including the O ions of H2O and H3O+ species, which yielded
a general formula of (H3O)Y3F10 • 0.6H2O. Since the sample for pXRD was dried in an oven
prior to analysis in order to drive off zeolithic H2O, a value of x = 0.6 was determined, rather
than the expected value of x = 1 for a fully hydrated sample.76 Attempts to replace the
hydronium ions with ammonium ions did not improve the refinement, indicating that no
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residual NH4+ from the NH4HF2 solvent used during the synthesis remains in the channels.
Furthermore, since the intended stoichiometry of the NPs is YF3, the possibility of F
vacancies and/or Cl substitution (from the starting reagent YCl3) within the Y3F10 framework
cannot be discounted, although Cl substitution seems unlikely given that previous work had
indicated no presence of Cl whatsoever in samples prepared via the same synthetic route.20
Rietveld refinements accounting for F vacancies were attempted, but unsuccessful.

5.4.2 - 1H MAS NMR Experiments
1

H NMR experiments were performed to investigate the uptake of water by

(H3O)Y3F10 • xH2O as well as to ascertain the purity of (H3O)Y3F10 • xH2O NPs. Spectra of
hydrated samples were acquired after exposure to ambient conditions for over two weeks.
Previous thermogravimetric analyses and X-ray thermodiffractometry studies have indicated
that sample decomposition to YF3 is possible at high temperatures;75-77 hence, to ensure
partial dehydration of zeolithic H2O without decomposition of the sample or phase changes,
spectra were acquired of samples that were placed in a 125EC oven for at least 4 hours.
The 1H MAS NMR spectra of fully and partially hydrated 67 nm (H3O)Y3F10 • xH2O
NPs are shown in Figure 5.5, and information on individual resonances is found in Table D4.
The relatively efficient longitudinal relaxation of 1H nuclei allowed for fairly short pulse
delays of 5 s to be employed (Figure D2). Two broad patterns are present between 4 and
7 ppm. The resonances centered at ca. 4.3 and 4.7 ppm in the spectra of the partially and
fully hydrated NPs, respectively, correspond to zeolithic water; similar resonances have been
observed in 1H NMR spectra of silica-, titania-, and alumina-based mesoporous solids.79-82
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Resonances of comparable breadths are centered at ca. 6.8 ppm for both partially and fully
hydrated samples, and correspond to the H3O+ species within the NP tunnels. The integrated
area of the H2O resonance compared to that of the H3O+ resonance is nearly twice as much
in the fully hydrated sample (Figures D3 and D4, Table D4), indicating that heating at
temperatures of 125EC is sufficient to at least partially eliminate zeolithic water. It should
be noted that the integrated area of the H2O resonance with respect to the H3O+ resonance in
the spectra of the fully hydrated NPs exceeds the 1:1 stoichiometry expected from a fully
hydrated sample,75,76 which indicates that additional H2O must be present in the sample, likely
on the surfaces of the NPs.
The sharp resonances observed at 1.4 and 1.0 ppm in both spectra are due to the
presence of residual AOT and Igepal520 surfactants, respectively.83-85 The differences of the
resonances at 1.4 ppm between samples might be linked with the degree of sample hydration,
but are likely related in part to the differences in integrated areas of the broad, overlapping
H2O resonance. The surfactants are likely present in relatively tiny amounts, as suggested by
the small integrated areas of its resonances compared to those of H2O/H3O+ (Table D4).
Experiments employing shorter 1H pulse delays also suggest relatively small amounts of
surfactant are present (Figure D2). The surfactant is located on the exterior surface of the NP
and is unlikely to occupy channels or cavities due to steric restrictions.77 1H-13C CP NMR
experiments detect trace amounts of residual surfactant, consistent with the relatively small
amounts indicated by the 1H MAS spectra. The only 1H-13C VACP/MAS spectrum that was
obtained required a mixing time of 3 ms and contained two broad resonances of low intensity
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centered at 85 and 30 ppm (Figure D5), owing to the small quantities of any surfactant
present on the NP surface.

Figure 5.4. Schematic representation of the (H3O)Y3F10•xH2O diamond-like structure
where (a) represents the YF8 coordination polyhedra, (b) represents the [Y6F32]14! UOA
octahedral-like building units, (c) and (d) represent the cage like structure exhibited by
the nanoparticles. Fluorine ions are denoted by blue spheres and the yttrium polyhedra
are denoted in grey. In (c) the red spheres denote the oxygen ions associated with the
H3O+ moiety and in (d) the purple spheres indicate the void spaces. The positions of
the water molecules within the cages are not shown.
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Figure 5.5 - 1H MAS spectra of 67 nm (H3O)Y3F10 • xH2O nanoparticles at a spinning speed of 25 kHz.
The red trace corresponds to a fully hydrated (x = 1) sample, and the blue trace corresponds to a partially
hydrated (x < 1) sample. Inset left: (H3O)Y3F10 • xH2O crystal structure.

Water mobility is known to be exceptionally high within this family of
compounds,75,76 and the sharp resonances at ca. 0.1 ppm are due to water molecules
occupying the void space between (H3O)Y3F10 • xH2O NPs and within void spaces in the
sample powder itself. This resonance is more intense in the spectra of fully hydrated NPs
and exhibits a chemical shift corresponding to that of highly mobile monomeric gaseous
water (i.e., isolated water molecules not interacting with surroundings).86,87 It is possible that
a resonance with this chemical shift could arise from surface hydroxyl species bound to
metals81,88,89 (in this case yttrium); however, this is unlikely, since the 1H linewidths are too
narrow to correspond to surface-bound groups, the NP crystal structure indicates exterior
surfaces should largely consist of fluorine, and any surface hydroxyl species would have to
arise from uncommon defect sites. Our pXRD refinements (vide supra) and 19F MAS NMR
experiments (vide infra) also indicate no significant level of F vacancies or substitutions in
the (H3O)Y3F10 • xH2O NPs.

1

H MAS NMR experiments confirm the purity (i.e., only the

expected surface species are present) and zeolithic behaviour of the NPs, but cannot provide
any further information on their molecular-level structure and composition. In order to
investigate the structure within the inorganic NP cores, 19F and 89Y SSNMR experiments
must be considered.

5.4.3 - 19F MAS NMR Experiments
The crystal structure of bulk YF3, which has a space group of Pnma, indicates that
there is a unique yttrium site which is coordinated by nine fluorine atoms (Figure 5.6). There
are two types of crystallographically distinct fluorines, F1 and F2, which exist in a ratio of
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1:2. The 19F MAS NMR spectrum reveals two sharp resonances with distinct chemical shifts
and relative integrated intensities of 2:1 (Figure 5.7a); hence, peaks at -56 and -67 ppm are
assigned to F2 and F1, respectively. Both resonances are also associated with spinning
sideband manifolds, which under conditions of fast MAS, may be utilized to extract
information on the fluorine CS tensors (vide infra).

Figure 5.6. The local nine-coordinate environment about yttrium (a) and extended
structure (b) of bulk YF3. There are two fluorine sites in a 2:1 ratio and one unique
yttrium center.

Along with bulk YF3,

19

F MAS NMR experiments were performed on

(H3O)Y3F10 • xH2O NPs of varying diameter (Figure 5.7). All spectra are of fully hydrated
samples unless otherwise stated, due to the much shorter 19F T1 relaxation times arising from
rapidly modulated 19F-1H dipolar couplings involving mobile H2O molecules (vide infra).
It is apparent that the spectra of the NPs, regardless of size, are clearly distinct from the bulk
material in terms of the number of peaks, their relative intensities, and their isotropic
chemical shifts. All NP samples have three distinct resonances (δiso = -45 to -51 ppm,
designated “A”, δiso = -62 ppm, “B”, and δiso = -85 ppm, “C”), none of which correspond to
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the shifts in the spectrum of bulk YF3. The crystal structure of (H3O)Y3F10 • xH2O (Table 5.2)
reveals three unique fluorine sites F1', F2', and F3' (which we italicize and use prime
symbols to differentiate them from F1 and F2 in bulk YF3), with relative populations of
3:1:1, respectively (Figure 5.4). Integration in all of the 19F MAS NMR spectra of the NPs
(Table 5.4) reveals a general ratio of 3:1:1 is apparent, although this varies somewhat with
NP size (see below for further discussion). From this ratio, Peak A should correspond to site
F1', and peaks B and C to F2'/F3'. The assignment of B and C is ambiguous because F2' and
F3' reside in crystallographically similar sites and cannot be identified via 19F NMR without
a priori knowledge of 19F chemical shift assignments. Unfortunately, due to the size of the
(H3O)Y3F10 • xH2O unit cell, ab initio calculations were unable to aid in these chemical shift
assignments.
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Figure 5.7. 19F MAS NMR spectra of (a) bulk YF3 and hydrated
(H3O)Y3F10 • xH2O nanoparticles of size (b) 132 nm, (c) 67 nm, (d) 49 nm, (e) 37
nm, and (f) 21 nm. Spectra recorded at a spinning speed of 25 kHz. F1 and F2 in
(a) denote isotropic chemical shifts in bulk YF3, A, B, and C for (b)-(f) denote
isotropic chemical shifts in (H3O)Y3F10 • xH2O, while asterisks (*) denote spinning
sidebands.
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Table 5.4. Relative integrated areas (including spinning sidebands) of resonances in 19F
MAS NMR spectra of hydrated (H3O)Y3F10 • xH2O nanoparticles and bulk YF3. A, B, C, F1,
and F2 refer to resonance labels, from high to low frequency (see Figure 5.7).
Size (nm)

Pulse delay (s)

Integrated Area (A:B:C)

Normalized Area (A:B:C)a

21

5

20.9 : 10.5 : 5.6

2 : 1 : 0.5

37

30

28.4 : 11.2 : 7.7

2.5 : 1 : 0.7

5

31.2 : 11.4 : 7.9

2.8 : 1 : 0.7

30

33.9 : 11.3 : 10.5

3 : 1 : 0.9

5

39.4 : 11.9 : 10.4

3.3 : 1 : 0.9

30

35.8 : 11.0 : 9.2

3.2 : 1 : 0.8

5

31.2 : 11.2 : 9.5

2.9 : 1 : 0.9

30

17.0 : 11.8 : 5.6

1.4 : 1 : 0.5

5

18.4 : 11.3 : 6.0

1.6 : 1 : 0.5

Integrated Area (F1:F2)

Normalized Ratio (F1:F2)

4.9 : 10.0

1:2

49 (doped)

67

132

Bulk YF3
a

5

Numbers are normalized to the central resonance B and rounded to the nearest tenth.

The assignment of resonances in
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F MAS spectra of the NPs was verified by

considering their zeolithic properties. The 67 nm NP samples were dried in a lab oven at
125EC and 19F NMR spectra were acquired immediately afterward. The effect of eliminating
zeolithic water in the 67 nm (H3O)Y3F10 • xH2O NP sample is shown in the 19F MAS NMR
spectra in Figure 5.8. In 19F MAS NMR spectra of a fully hydrated sample (stored in air) of
(H3O)Y3F10 • xH2O 67nm NPs (Fig. 8 (a), 8 (b)), the expected 3:1:1 integration of F1':F2':F3'
fluorine resonances is observed. However, when the sample was stored in a 125EC oven
prior to NMR experiments and packed in an airtight rotor (Figure 5.8 (c)), the integration of
F1':F2':F3' was found to be 1.7:1:1. This disparity in integrated intensities is believed to be
due to the effects of proximate zeolithic H2O on the T1(19F) relaxation constants of the F1'
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sites, which form the channels and cavities of (H3O)Y3F10 • xH2O. The H2O molecules are
wholly or partially mobile, which means that 1H-19F dipolar interactions continually fluctuate,
contributing to efficient longitudinal 19F relaxation. This is evident from the nearly identical
integrated areas resulting from experiments on hydrated samples using a long (30 s) and short
(5 s) pulse delay (Table 5.4). However, when the presence of H2O within (H3O)Y3F10 • xH2O
is reduced via heating, a drastic loss in integrated intensity of the F1' peak is observed in
NMR experiments using the same 5 s pulse delay (i.e., T1(19F) relaxation is less efficient).
No measurement/estimation of T1(19F) associated with the F1' resonance within partially
hydrated/heated (H3O)Y3F10 • xH2O samples was attempted due to the very long recycle
delays required to acquire spectra with reasonable S/N (Figure D6). These findings are
consistent with the assignment of peaks from the 19F MAS spectra. There is clearly efficient
longitudinal relaxation associated with the F2'/F3' sites, owing to their environments within
the ionic network of the UOA, and closer proximity to sources of fluctuating magnetic fields
arising from mobile dipolar spin pairs.
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Figure 5.8. 19F MAS NMR spectra for 67 nm (H3O)Y3F10 • xH2O nanoparticles (a) as
received (hydrated), (b) after prolonged air exposure (hydrated), (c) after 12 hours of
heating at 125EC (partially hydrated). Spectra were recorded at a spinning speed of
25 kHz. Peak labels indicate resonance assignment and integration ratios (including
spinning sidebands). Asterisks (*) denote spinning sidebands.
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The manifold of spinning sidebands that arises from a particular resonance in an MAS
experiment (Figure 5.9) is important for the integration of individual resonances; but, these
sidebands also encode information on the fluorine chemical shift (CS) tensors. Spinning
sideband manifolds can be analyzed using the Herzfeld-Berger (HB) method to determine
approximate CS tensor parameters,90 though at high spinning rates, the low number of high
intensity spinning sidebands limits this analysis. Of the three 19F resonances associated with
(H3O)Y3F10 • xH2O, A has the highest chemical shielding anisotropy (CSA) (i.e., highest span
(Ω) value) (Table 5.5). In contrast, B and C display smaller Ω values ranging from 110 to
120 ppm and 90 to 130 ppm, respectively. The values of δiso and Ω associated with B and C
resemble those originating from sites F1 and F2 in bulk YF3. Skew (κ) values for B range
from 0.1 to 0.5, which correspond well with the κ value of 0.3 associated with site F2 in bulk
YF3. However, the lack of spinning sidebands (due to a small CSA) associated with both
resonance C in the NP samples and F1 in the bulk sample makes it difficult to compare their
κ values. The similarity of the isotropic chemical shifts and spans of resonances B and C
(F2'/F3') in (H3O)Y3F10 • xH2O NPs to those of F2 and F1 in bulk YF3 suggest that their
chemical environments may also be similar.
The A resonances have numerous spinning sidebands, which are analyzed to yield CS
tensor parameters (Ω = 180 to 200 ppm, κ = 0.6 to 0.9) which are unique from those of B, C,
F1, and F2. This strongly indicates that the structural environment of the A fluorines within
the (H3O)Y3F10 • xH2O NPs is distinct from the known environments of the bulk YF3 phase.
It has been suggested that H-O-HþF hydrogen bonding is present in systems similar to
(H3O)Y3F10 • xH2O.75 F1'-O distances in our refined crystal structure are 2.5 Å, within the
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hydrogen bonding range in metal fluoride hydrates,91 which may partially account for the
unique CS tensor parameters associated with A. A correlation also exists between the δiso (A)
and (H3O)Y3F10 • xH2O NP size: as the NP size decreases, the chemical shift varies from
-51 ppm to -45 ppm (Figure 5.10). It is notable that δiso (A) does not change with hydration
level of the NPs (vide supra).
The crystal structure of (H3O)Y3F10 • xH2O (Table 5.2) predicts three unique fluorine
sites in a ratio of 3:1:1, this ratio correlates well with the ratios of the integrated intensities
from the 19F MAS NMR spectra of the 37, 49, and 67 nm NPs (Table 5.4). The synthesis of
the (H3O)Y3F10 • xH2O NPs is closely related to the synthesis of amorphous YF3 NPs;20 it
follows that any presence of this amorphous YF3 phase as an impurity within the NP samples
will affect the 19F NMR spectrum. Specifically, since the amorphous YF3 phase exhibits a
similar chemical shift to B, the presence of YF3 may influence the integrated intensity of the
B resonance in (H3O)Y3F10 • xH2O NP spectra, as both 19F NMR resonances arising from
crystalline bulk YF3 (F1 and F2) are most proximate to this frequency. Indeed, the
integration ratios of the

19

F MAS NMR spectra 21 nm NPs (2:1:0.5) and 132 nm NPs

(1.6:1:0.5) are distinct from the predicted 3:1:1 ratio due to broad patterns underlying the B
resonance, hinting at the presence of amorphous YF3 in these samples. It is notable that this
apparent YF3 impurity is detectable via SSNMR experiments but not pXRD experiments,
indicating that this impurity is amorphous. In order to further investigate the structure of the
NPs and the nature of impurities arising during their preparation,
experiments were performed.
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19

F-89Y VACP/MAS

Table 5.5. 19F chemical shift tensor parameters extracted from MAS spectra of hydrated
(H3O)Y3F10 • xH2O nanoparticles and bulk YF3 via Herzfeld-Berger analysis of spinning
sidebands.
Individual CS Tensor
Componentsc
NP Size
(nm)

Peak
Labela

δiso
(ppm)b

δ11
(ppm)

δ22
(ppm)

δ33
(ppm)

Ω
(ppm)d

κe

21

A

-51(2)

19(15)

-8(19)

-161(21)

180(30)

0.7(3)

B

-62(2)

-10(19)

-46(17)

-130(24)

120(40)

0.4(4)

C

-85(2)

-41(17)

-53(19)

-161(27)

120(40)

0.8(4)

A

-49(2)

31(16)

-9(21)

-169(21)

200(30)

0.6(3)

B

-62(2)

-9(21)

-58(15)

-118(22)

110(40)

0.1(4)

C

-86(2)

-56(18)

-56(28)

-146(29)

90(40)

1.0(8)f

A

-49(2)

14(19)

5(27)

-166(29)

180(40)

0.9(4)

B

-61(2)

-11(19)

041(17)

-131(25)

120(40)

0.5(4)

C

-85(2)

-31(19)

-63(19)

-160(25)

130(40)

0.5(4)

A

-47(2)

26(15)

6(22)

-173(22)

200(30)

0.8(3)

B

-62(2)

-10(19)

-46(17)

-130(24)

120(40)

0.4(4)

C

-85(2)

-25(29)

-115(25)

-115(17)

90(40)

-1.0(7)f

A

-45(2)

28(18)

0(20)

-162(27)

190(40)

0.7(3)

B

-61(2)

-3(21)

-57(16)

-123(22)

120(40)

0.1(4)

C

-84(2)

-38(18)

-66(16)

-148(25)

110(40)

0.5(4)

F2

-56(2)

-2(15)

-44(13)

-122(18)

120(30)

0.3(3)

37

49

67

132

Bulk

F1
-67(2)
20(31)
-110(33) -110(20) 130(40) -1.0(7)f
a
See Figure 5.7 for labelled spectra. b Isotropic chemical shift: δiso = (δ11 + δ22 +δ33)/3.
c
Individual CS tensor components and associated uncertainties calculated from
experimentally measured δiso, Ω, and κ values. d Span: Ω = δ11 - δ33.
e
Skew: κ = 3(δ22 - δiso)/Ω. f κ value associated with a high uncertainty due to lack of spinning
sidebands.
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Figure 5.9. Deconvoluted 19F MAS NMR spectra of hydrated 37 nm (H3O)Y3F10 •
xH2O nanoparticles. Spinning sidebands are labeled according to the corresponding
isotropic peak. Spectra were recorded at a spinning speed of 25 kHz.
5.4.4 - 19F-89Y VACP/MAS NMR Experiments
89

Y is a low-γ nucleus, and in most inorganic compounds is associated with large T1

values (i.e., inefficient longitudinal relaxation), which can lead to long experimental times.64
Accordingly, 19F-89Y VACP/MAS experiments were employed to exploit the potentially large
polarization transfer from

19

F to

89

Y, as well as the shorter T1(19F).65,92 The

19

F-89Y

VACP/MAS spectrum of bulk YF3 is shown in Figure 5.11 (a). As expected from the crystal
structure (Figure 5.6), all 89Y sites are nine-coordinate and equivalent, giving rise to a sole
resonance in the bulk material.
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Figure 5.10. Change in δiso of resonance A correlated with nanoparticle size in 19F
MAS NMR spectra of hydrated (H3O)Y3F10 • xH2O nanoparticles of size
(b) 132 nm, (c) 67 nm, (d) 49 nm, (e) 37 nm, and (f) 21 nm. Bulk YF3 is shown in
(a) for comparison. Spectra recorded at a spinning speed of 25 kHz. A, B, and C
denote isotropic chemical shifts in hydrated (H3O)Y3F10 • xH2O.
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The 19F-89Y VACP/MAS spectra of hydrated (H3O)Y3F10 • xH2O NPs (Figure 5.11)
are clearly distinct from the bulk material. The crystal structure of (H3O)Y3F10 • xH2O
indicates a single Y site and therefore a sole 89Y resonance, but there are two 89Y resonances
visible in the NP spectra: one of high intensity at ca. δiso= -55 ppm (denoted “X” for
discussion, Figure 5.11) and a resonance of low, but also NP size-dependent, intensity at
δiso = -36 ppm (denoted “W”). The integrated area of W is strongly linked to NP size: as NP
size decreases, the relative area of W in comparison to X increases (Table 5.6, Figure 5.12).
The relationship between NP size and 89Y NMR integrated area ratio follows a similar
exponential trend as the ratio of octahedron surface area to volume, leading to the preliminary
interpretation that W may correspond to a Y position on or near the NP surface, while X may
be associated with a Y position deeper in the NP core. The only exception are the 49 nm
Sc-doped NPs, where the 5 mol % Sc doping seems to affect the overall structure enough that
89

Y chemical shifts are distinct from the other samples.
Neither of the two major resonances in (H3O)Y3F10 • xH2O NP spectra correspond to

bulk YF3, however, there is a broad, low-intensity peak at ca. δiso = -105 to -110 ppm
corresponding to bulk YF3, which is most prominent in the 21 and 132 nm
(H3O)Y3F10 • xH2O NP samples, less intense in the spectrum of the 49 nm NPs, and barely
visible for the 37 and 67 nm samples, consistent with earlier conclusions regarding the
presence of an amorphous YF3 impurity suggested by variation in the integrated intensities
of 19F MAS NMR resonances. TEM experiments indicate that all samples are composed
primarily of monodisperse crystalline NPs with a trace spherical amorphous NP impurity (see
Experimental Section),20 and SSNMR reveals a broad resonance corresponding to YF3
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impurity for some of the samples; hence, the spherical amorphous NPs are likely composed
of amorphous YF3. A less likely possibility also exists that a small fraction of the crystalline
NPs may be fully or partially composed of crystalline YF3, although evidence of this was not
observed in our experiments. Further, from the synthetic procedure and parameters given in
Table 5.1, it appears as if the use of AOT surfactant in NP synthesis suppresses the formation
of YF3. Differences in experimental 19F-89Y CP mixing times did not have an effect on the
integration or intensities of the individual peaks associated with (H3O)Y3F10 • xH2O (Figure
D7).
A separate batch of 83 nm (H3O)Y3F10 • xH2O NPs, synthesized in a similar manner
(but at a later date), were employed to study the effects of sample hydration on 19F-89Y
VACP(/MAS) NMR spectra and to confirm the assignments of the W and X resonances (see
Experimental); these NPs have similar TEM images (Figure D8) and NMR spectra (vide
infra) to those of the initial batches of (H3O)Y3F10 • xH2O NPs. Both resonances W and X
are present in 19F-89Y VACP/MAS NMR spectra of the partially and fully hydrated 83 nm NP
samples (Figure 5.13), although the resolution of the W peak in the former is very poor,
translating to sizable uncertainty regarding the exact position and breadth of the W peak
(Table 5.6, Table D5) . The fully hydrated NP spectrum displays higher S/N and much better
resolution of the W and X sites, although both spectra were recorded with similar acquisition
parameters. Y sites in the partially dehydrated sample may be strongly, weakly, or not
coordinated to surface H2O species; hence, the broad and poorly resolved W peak in these
samples likely arises from (i) a distribution of 89Y chemical shifts and/or (ii) a distribution
of T2(89Y) constants.
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Figure 5.11. 19F-89Y VACP/MAS NMR spectra of bulk YF3 (a) and hydrated (H3O)Y3F10 • xH2O
nanoparticles of size (b) 132 nm, (c) 67 nm, (d) 49 nm, (e) 37 nm, and (f) 21 nm. Spectra recorded at a
spinning speed of 5 kHz. Inset left: The dashed grey line indicates traces of bulk YF3 exist as various
degrees of impurity in the (H3O)Y3F10 • xH2O nanoparticle samples.
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Figure 5.12. The graph depicts the relationship between the ratio of the
integrated areas of W and X peaks and (H3O)Y3F10 • xH2O NP size in 19F-89Y
VACP/MAS spectra of hydrated samples. Blue data points represent
experimental ratios, red data points represent surface area/volume ratios of ideal
octahedra (see Table 5.6). The green outlier represents the 49 nm Sc-doped
(H3O)Y3F10 • xH2O nanoparticles.

Table 5.6. Relative integrated areas (including spinning sidebands) of resonances in 19F-89Y
VACP/MAS NMR spectra of hydrated (H3O)Y3F10 • xH2O nanoparticles. a See Figures 5.11,
5.12.
Nanoparticle
Size (nm)

21

37

67

132

49 d

83 e

δiso (ppm)

Relative
Integrated Area

-36(2)

4.37

-54(2)

10

-38(2)

2.62

-55(2)

10

-36(2)

1.29

-58(2)

10

-36(2)

0.78

-56(2)

10

-36(2)

3.37

-56(2)

10

-23(3)

0.65

-54(2)

10

Peak Integration Ratio b
Experimental

Octahedron c

0.437

0.35

0.262

0.199

0.129

0.11

0.078

0.06

0.337

0.15

0.065

0.089

a

Bulk YF3 only has one 89Y resonance, thus integration not applicable to this sample. b Refers to the ratio of
the area of the “surface-like” 89Y resonance at ca. -36 ppm versus that of “core-like” 89Y at ca. -55 ppm. c Refers
to the ratio of surface area to total volume of an ideal octahedron of specified NP edge length, using the
formulae A = 2(%3)x2 and V = 1/3(%2)x3 . d Since this sample has a major structural change (the presence of
Sc, likely in Y sites), its peak integration ratio results in an outlying value. e The 83 nm samples were
synthesized at a separate point in time, using an identical procedure as for all other NPs. See Experimental
section.

5.4.5 - Static 19F-89Y VACP NMR Experiments
The sensitivity of 19F-89Y VACP/MAS NMR spectra to surface- and core-like yttrium
environments invites examination of the complete 89Y CS tensor parameters. In order to
extract anisotropic 89Y CS tensor parameters, static (non-spinning) VACP experiments were
performed. The NMR spectra obtained for the NP samples of all sizes are distinct from bulk
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YF3 (Figure 5.14), which exhibits a distinct powder pattern from which CS tensor parameters
are readily extracted. All of the hydrated (H3O)Y3F10 • xH2O NP samples have spectra which
suggest the presence of multiple sites and perhaps some degree of disorder. An impurity,
identified as bulk YF3, makes small contributions to all powder patterns in the region of
δiso = -107 ppm (vide supra).
It is possible to simulate the static 19F-89Y VACP powder patterns of the bulk sample
and the NPs and extract their respective 89Y CS tensor parameters (Table 5.7, Figure 5.15).
Bulk YF3 (Figure 5.15(a)) yields a well-defined powder pattern which corresponds to CS
tensor parameters of Ω = 110(5) ppm and κ = 0.20(5)). Simulations of NP spectra feature
two 89Y resonances, with relative integrated intensities and δiso closely corresponding to those
obtained from the corresponding VACP/MAS experiments. Owing to the lack of distinct
features in all of the NP powder patterns, the 89Y CS tensor parameters have a higher degree
of uncertainty than those of the bulk sample. The two 89Y powder patterns evident in spectra
of (H3O)Y3F10 • xH2O NPs of all sizes correspond to CS tensor parameters (Ω = 50(10) ppm
and κ = -0.4(1)).
Static 19F-89Y VACP experiments were also performed on partially and fully hydrated
83 nm (H3O)Y3F10 • xH2O NPs (Figure 5.16, Table D3). The most striking differences
between these spectra are the breadths and shapes of the powder patterns. Much like the
VACP/MAS spectra, the spectrum of the partially hydrated NPs is broader and the individual
patterns are more difficult to resolve in comparison to that of the fully hydrated NPs; this is
consistent with the notion that there are larger distributions of chemical shifts and/or T2(89Y)
values in the spectra of the partially hydrated NP sample.
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Fully and partially hydrated

samples give rise to two sets of similar 89Y CS parameters which are differentiated by δiso
(Table 5.7), but share common anisotropic parameters (i.e., Ω and κ).

Figure 5.13. 19F-89Y VACP/MAS NMR spectra of 83 nm (H3O)Y3F10 • xH2O
nanoparticles, where (a) is a fully hydrated sample, and (b) is only partially
hydrated. Spectra were recorded at a spinning speed of 5 kHz.
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Table 5.7. 89Y CS tensor parameters extracted from static 19F-89Y VACP NMR experiments
on hydrated (H3O)Y3F10 • xH2O NPs. a
Nanoparticle Size
(nm)

δiso
(ppm)

Ω (ppm)

κ

Relative
Intensity (%)

21

-36(3)

50(10)

-0.4(1)

42

-54(3)

50(10)

-0.4(1)

100

-38(3)

50(10)

-0.4(1)

26

-55(3)

50(10)

-0.4(1)

100

-36(3)

50(10)

-0.4(1)

35

-54(4) b

50(10)

-0.4(1)

100

-36(3)

50(10)

-0.4(1)

13

-55(4) b

50(10)

-0.4(1)

100

-36(3)

50(10)

-0.4(1)

20 c

-54(4) b

50(10)

-0.4(1)

100

Bulk YF3

-107(2)

110(5)

0.20(5)

-

83 d

-28(3)

50 (10)

-0.4(1)

19

(Fully hydrated)

-55(3) b

50 (10)

-0.4(1)

100

83 d,e

-28(5)

60(20)

-0.4(2)

18

37

49

67

132

60(20)
-0.4(2)
100
(Partially hydrated)
-54(4) b
a
b
All simulations of spectra required ca. 175 Hz of line broadening. δiso of static simulation
differs from VACP/MAS result. c Relative intensity of static simulation differs from that of
VACP/MAS experiment. d Refers to a NP sample prepared separately but in a similar
manner, see discussion in text. e The fully hydrated sample yields a relatively broad,
featureless lineshape, which provides little data about the CS tensor. This is reflected in the
associated uncertainty of parameters for this sample.

245

246

Figure 5.14. Static 19F-89Y VACP NMR spectra of (a) bulk YF3 and
hydrated (H3O)Y3F10 • xH2O nanoparticles of size (b) 132 nm, (c) 67 nm,
(d) 49 nm, (e) 37 nm, and (f) 21 nm.

Figure 5.15. Static 19F-89Y VACP NMR spectra and simulation of (a) bulk YF3
and (b) hydrated (H3O)Y3F10 • xH2O 37 nm nanoparticles. See Table 5.7.
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Figure 5.16. Overlaid static 19F-89Y VACP NMR spectra of fully (black) and partially (orange) hydrated 83 nm
(H3O)Y3F10 • xH2O nanoparticles are shown in (a). Simulations of spectra of the fully ((b), inset left), and
partiallly ((c), inset right) hydrated NPs are also shown. See Table 5.7.

5.5 - Conclusions
We have shown, using powder XRD and SSNMR methods, that the intended reverse
micelle synthesis of YF3 NPs yields crystalline NPs of controllable size and shape, with a
distinct composition and phase ((H3O)Y3F10 • xH2O). The zeolithic tunnels and cavities are
populated by hydrogen-bound water molecules. Residual surfactant from the synthesis is
limited to the NP surface in relatively small amounts.

19

F MAS NMR spectra show a clear

difference in phase between bulk YF3 and the NP samples: three unique resonances are
observed, in accordance with the crystal structure of (H3O)Y3F10 • xH2O. The integration of
these resonances, along with extracted 19F CS tensor parameters, allow for their partial
assignment.

The

19

F nuclei corresponding to the fluorine resonance A, which are

demonstrated to compose the zeolithic channels and tunnels, have longer T1 relaxation times
when H2O is not present within the sample, owing to the reduction of rapidly modulated
19

F-1H dipolar couplings that serve to increase the efficiency of longitudinal relaxation.

19

F-89Y VACP/MAS spectra of (H3O)Y3F10 • xH2O NPs exhibit two resonances of dissimilar

intensity which do not correspond to bulk YF3; the less intense resonance has an integrated
area directly correlated to NP size. MAS and static 19F-89Y spectra of partially hydrated
samples confirm that two 89Y resonances are present, indicating that origins of the less
intense 89Y resonance lie with a distribution of 89Y chemical shifts and T2(89Y) constants.
Static 19F-89Y VACP experiments show that the surface and core yttrium environments
associated with these (H3O)Y3F10 • xH2O NPs are similar, confirming only small amounts of
ligands and surfactant are bound to the NP surface. Finally, with knowledge of the intended
product and synthetic precursors, along with the combined use of pXRD and SSNMR, we
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have demonstrated that it is possible to identify an NP product, probe its macroscopic
zeolithic behaviour at the molecular level, link NMR resonances to overall NP size, establish
product purity with respect to contaminants, and determine the identity and morphology of
the impurities. This experimental protocol offers much promise for the identification,
characterization, and future rational design of NPs.
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Chapter 6: Solid-State 65Cu and 31P NMR Spectroscopy of Bis(triphenylphosphine)
Copper Species
6.1 - Overview
Frequency-stepped ultra-wideline (UW) 65Cu solid-state NMR (SSNMR) experiments
have been performed on a series of nine bis(triphenylphosphine) copper(I) species, with eight
of these having an oxyanion-based ligand and one a borohydride ligand. These copper atoms
reside in spherically asymmetric environments featuring two covalent Cu-P bonds and
coordination from single bidentate ligands. The QCPMG pulse sequence was utilized in
NMR experiments on all of the samples, along with the WURST-QCPMG sequence on select
samples, to acquire UWNMR spectra of high quality. In all cases, large 65Cu quadrupolar
coupling constants (CQ) between 40.8 and 51.7 MHz are observed, and are confirmed by
NQR measurements. The immense quadrupolar interactions and their correspondingly large
contributions to the central transition powder patterns make accurate quantification of copper
chemical shift anisotropy (CSA) difficult, though CSA effects are observed. 1H-31P CP/MAS
NMR spectra reveal one-bond J-couplings, 1J(65/63Cu, 31P), for all complexes, as well as the
presence of residual dipolar coupling, which enables determinations of both the sign of CQ
and the orientation of the EFG tensor with respect to the Cu-P dipolar vector (both of which
are unavailable from standard 65Cu SSNMR experiments). The 65Cu EFG parameters and
1

J(65/63Cu, 31P) coupling constants are sensitive to the local geometry and bond lengths about

the Cu centre. Ab initio calculations are used to confirm experimentally predicted
orientations of the Cu EFG tensors, to predict experimental CQ, ηQ and CS tensor values, and
to aid in identifying relationships between the copper NMR parameters and molecular
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structures. This combination of experimental and theoretical NMR data enables the
correlation of symmetry and local structure with copper NMR parameters, further extending
the applicability of copper SSNMR spectroscopy to a wide variety of copper-containing
systems.

6.2 - Introduction
Copper is one of the most widely studied transition metals, finding applications in
a wide range of materials including high-temperature superconductors and catalytic reagents,
and having important functions in a number of biological systems.1-7 Copper is most often
found in either the +1 or +2 oxidation state. Due to the presence of unpaired electrons in
Cu(II)-containing species, the electronic nature of the Cu(II) atoms and their bonding with
an assortment of ligands have been heavily characterized in many systems through common
spectroscopic methods (i.e., UV/Vis spectroscopy) and electron paramagnetic resonance
(EPR) spectroscopy; however, diamagnetic copper(I) compounds cannot be characterized by
these methods, and as a result, have been discussed less frequently in this context. Copper(I)
chemistry is, in fact, as extensive and interesting as that of copper(II), due to the variety of
bonding and coordination possibilities at Cu(I) sites.8-10
Copper NMR is an obvious choice for characterization of Cu(I) species in both
solution11 and in the solid state. However, solid-state copper NMR experiments on Cu(I)
systems are not commonly found in the literature,12-26 and have largely focused upon systems
with copper sites possessing high spherical symmetries (i.e., tetrahedral and octahedral
structural motifs). The main reason for this is that in the absence of high spherical symmetry
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of the ground electronic state, significant electric field gradients (EFGs) occur at the copper
sites. Since 63Cu and 65Cu are quadrupolar nuclei (both spin-3/2) with sizeable nuclear
quadrupole moments (eQ or NQM), large quadrupolar interactions (i.e., interactions of the
NQMs with the large EFGs), occur in such systems. The so-called first- and second-order
quadrupolar interactions give rise to extreme anisotropic broadening of copper NMR spectra;
the former influence only the satellite transitions (i.e., ±1/2:±3/2), normally broadening them
beyond detection, while the latter give rise to the familiar second-order central transition
(i.e., +1/2:-1/2) powder patterns.27-29 Copper SSNMR spectra of Cu sites in spherically
asymmetric environments can range from hundreds of kHz to several MHz in breadth, and
were previously regarded as being inaccessible via routine NMR experimentation. However,
despite these difficulties, measurement of the quadrupolar interaction parameters, the
quadrupolar coupling constant, CQ, and the asymmetry parameter, ηQ, can provide much
information on the nature of copper environments.
63

Cu and

comparison to

65

Cu have natural abundances of 69.1% and 30.9%, respectively. In

63

Cu,

65

Cu has a higher gyromagnetic ratio, γ, (7.6104 ×107 vs.

7.1088 × 107 rad T-1 s-1), and a smaller nuclear quadrupole moment, eQ, (-0.204 × 10-28 m2
vs. 65Cu and -0.220 × 10-28 m2).30 Although the 63Cu isotope is preferred for solution copper
NMR experiments due to higher receptivity arising from its higher natural abundance, 65Cu
is preferred for solid-state NMR due to the reduced broadening associated with γ and eQ (i.e.,
the central transition patterns of 65Cu are ca. 0.87 times as wide as those of 63Cu).
Solid-state copper NMR experiments for many spherically symmetrical sites have
been conducted under conditions of magic-angle spinning (MAS), in which the effects of
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copper chemical shielding anisotropy (CSA) are completely averaged, leaving behind the
partially averaged second-order quadrupolar pattern. However, for samples with Cu sites in
non-spherically environments, MAS is not typically an option (since the large quadrupolar
interactions cannot even be partially averaged) and time-consuming, static (stationary
sample) wideline NMR experiments are commonly applied.22,31-35
Recently, there have been a number of reports of rapid acquisition of broad NMR
spectra of half-integer quadrupolar nuclei through the combination of several techniques.
First, NMR powder patterns that extend beyond typical excitation bandwidth (i.e., so-called
ultra-wideline (UW) NMR spectra) can be acquired using frequency-stepped or “piecewise”
acquisition of sub-spectra, which are Fourier-transformed, and then co-added to produce the
total spectrum.36-39 This technique requires the acquisition of substantially fewer sub-spectra
than traditional spectral offset methods,40 since the broad excitation bandwidths play a role
in being able to set the much larger transmitter offset frequencies. Second, the quadrupolar
Carr-Purcell Meiboom-Gill (QCPMG) sequence41 has been utilized to hasten the acquisition
of these sub-spectra for a number of different nuclei,39,42,43 including 65Cu and 63Cu in a
preliminary report from our group.22 Finally, the implementation of WURST (Wideband
Uniform Rate Smooth Truncation) type excitation pulses44 for the acquisition of Hahn-echo45
and QCPMG NMR spectra46,47 of half-integer quadrupoles have greatly enhanced both the
signal-to-noise and rates of acquisition of ultra-wideline NMR spectra. WURST pulses are
amplitude- and phase-modulated pulses which can be used to excite a much wider bandwidth
than regular rf pulses, and have recently been combined with the QCPMG protocol to enable
more efficient acquisition of ultra-wideline NMR spectra of quadrupolar nuclei.46
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In order for 65Cu SSNMR to become a mainstream technique for the characterization
of Cu(I) sites in inorganic, organometallic and biological materials, it is crucial to develop
not only a database of reference copper NMR data (i.e., chemical shift and quadrupolar
parameters), but also an understanding of the relationships between copper NMR tensors and
molecular structure about the Cu(I) environments. To this end, we first present ultra-wideline
solid-state 65Cu SSNMR spectra for a series of nine bis(triphenylphosphine)copper species
of the form [(PPh3)2CuX] (X = BH4, O2N, O2NO, O2CH, O2CPh, O2CCH3, O2CCH2F,
O2CCHF2 and O2CCF3; see Scheme 6.1). UWNMR spectra were acquired for all of the
compounds using frequency-stepped QCPMG methods, with select spectra acquired using
the WURST-QCPMG methodology.
These systems have a structural motif that occurs very commonly in Cu(I) solid state
chemistry. The bis(triphenylphosphine)copper(I) cation is a soft, sterically crowded but
flexible acceptor ion that can accommodate a range of coordinating anions (X) and neutral
ligands (L) to form complexes of the type [(PPh3)2CuX], [(PPh3)2CuLX] and [(PPh3)2CuL2]X
(Scheme 6.2) which have found application as effective catalysts in organic syntheses.48-50
In this context, the relatively weak adducts formed between [Cu(PPh3)2]+ and hard oxyanions,
[RYO2]-, are of considerable interest.

Structural and spectroscopic studies on these

complexes have shown that the coordination mode of the anion and the strength of the Cu-O
bonds are influenced by the Brønsted basicity of the anion and by the C-HþO and C-HþCu
interactions between the anion and the triphenylphosphine ligands.51-59 This results in
copper(I) coordination environments which are four-coordinate (i.e., P2CuO2) or
three-coordinate (i.e., P2CuO), representing bidentate or monodentate coordination of the
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oxyanion, respectively. Thus, the Cu-P bond lengths, the P-Cu-P interbond angles and the
associated symmetry of the electron density distribution about the Cu(I) position are all
affected by the anion Brønsted basicity and the resultant mode of oxyanion coordination.
Within the [(PPh3)2CuX] series outlined above, the subset including X = O2YR = O2N,
O2NO, O2CH and O2CPh represent anions which coordinate as a bidentate ligand, while the
isomorphous series of acetate and fluoroacetate complexes where X = O2YR = O2CCH3,
O2CCH2F, O2CCHF2 and O2CCF3 has a systematic change in the anion coordination mode
from bidentate to nearly monodentate as a consequence of the increasing number of fluorine
substituents and corresponding decreasing basicity of the anion.
These varied structural properties should exhibit a marked influence on the 65Cu NMR
interaction parameters that are accessible via ultra-wideline SSNMR methods. The 65Cu
SSNMR experiments are complimented by 1H-31P CP/MAS NMR spectra, from which
information can be obtained on the one-bond 31P-65Cu J-couplings, 1J(65Cu, 31P), the sign of
CQ and the orientation of the EFG tensor with respect to the Cu-P dipolar vector.20 Finally,
first principles calculations are presented which correlate the principal components and
orientations of the NMR interaction tensors to the molecular structures of these species.
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Scheme 6.1. Structures of compounds. (a) [(PPh3)2CuO2CCH3], (b) [(PPh3)2CuO2CCH2F], (c)
[(PPh3)2CuO2CCHF2], (d) [(PPh3)2CuO2CCF3], (e) [(PPh3)2CuO2N], (f) [(PPh3)2CuO2NO], (g)
[(PPh3)2CuO2CH], (h) [PPh3)2CuO2CPh], (i) [(PPh3)2CuBH4]. Phenyl protons are omitted for clarity.
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Scheme 6.2. Bidentate (left) and monodentate (right) coordination of
oxyanion ligand to the bis(triphenylphosphine)copper(I) cation.

6.3 - Experimental
6.3.1 - Sample Preparation

[(PPh3)2CuBH4],60,61 [(PPh3)2CuO2N],52 [(PPh3)2CuO2NO],62,63 [(PPh3)2CuO2CH],51,55
[(PPh3)2O2CPh],51,55 [(PPh3)2O2CCHnF3-n] (n = 0 - 3),51,55 were prepared via previously
reported synthetic routes.

6.3.2 - Solid-State NMR

Solid-state NMR spectra were collected on a Varian Infinity Plus NMR spectrometer
with an Oxford 9.4 T (ν0(1H) = 400 MHz) wide-bore magnet with ν0(65Cu) = 113.49 MHz and
ν0(31P) = 161.81 MHz. Experiments were conducted using 5 mm HXY MAS, 5 mm HX
static, and 2.5 mm HX MAS probes, and samples were packed into zirconia rotors. A 99.9%
silver coil was used for all copper NMR experiments in order to diminish interference from
copper metal within the probehead.
CuCl(s) (δiso = 0.0 ppm).

65

Cu chemical shifts were referenced with respect to

31

P chemical shifts were reported with respect to phosphoric acid

(δiso = 0.0 ppm) using the secondary standard of solid ammonium dihydrogen phosphate
(δiso = 0.81 ppm).
Static ultra-wideline Quadrupolar Carr-Purcell-Meiboom-Gill41 (QCPMG)
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65

Cu

experiments were performed with central transition selective π/2 pulse widths that ranged
from 1.1 to 2.8 µs, optimized recycle delays from 0.15 to 0.30 s, and spectral widths of 1000
kHz. Individual subspectra were collected by stepping the transmitter frequency across the
full breadth of the powder pattern in increments between 75 and 125 kHz.36-39 The number
of Meiboom-Gill (MG) loops were set between 50 and 204, depending upon the transverse
relaxation time constant (T2) of the 65Cu nuclei in a given sample. The acquisition time, τa,
for each echo was set to achieve a spikelet separation (1/τa) of either 25 kHz or 50 kHz, and
interpulse values (τ) were set to 20 µs. Decoupling of abundant nuclei (i.e., 1H and 19F) was
generally required for most samples. For complete 65Cu NMR experimental details, refer to
Table E1. Static ultra-wideline WURST-QCPMG45-47,64

65

Cu NMR experiments were

performed using the methodology and experimental parameters previously described
elsewhere.47
1

H-31P CP/MAS NMR experiments were performed using the variable-amplitude

cross polarization (VACP) pulse sequence65,66 with two-pulse phase-modulation (TPPM)
decoupling.67 For these experiments on the 2.5 mm and 5.0 mm probes, proton π/2 pulse
widths of 2.00 and 6.00 µs were applied, respectively, along with contact times of 2 or 3 ms,
recycle delays of 5 s, and spectral widths of 50 kHz. Spinning speeds ranging from 8 to
24 kHz were used, depending on the probehead and desired resolution. For complete 31P
NMR experimental details, refer to Table E2. Simulations of solid-state NMR spectra were
performed using the WSOLIDS software package.68
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6.3.3 - Theoretical Calculations
Copper EFG tensor parameters were calculated using Gaussian 0369 on a dual-2.8
GHz Xenon Dell Precision 650 workstation or a dual-3.6 GHz Xenon Dell Precision 670n
workstation running Red Hat Linux 9.0, and select calculations were performed on the
SHARCNET computer network.70 The restricted Hartree-Fock (RHF) method was utilized
with the 6-31++G** and 6-311G** basis sets. The quadrupolar coupling constants for 63/65Cu
were converted from a.u. to Hz via the equation CQ = eQV33/h(9.71736 × 1021 V m-2 ),71 where
V33 is the largest component of the electric field gradient and is calculated in a.u.,
Q(63Cu) = -0.220 × 10-28 m2 and Q(65Cu) is equal to -0.204 × 10-28 m2.30 For chemical
shielding calculations, the GIAO method was employed,72,73 along with the previously
mentioned basis sets and the RHF method. Calculations were performed on structures based
on known solid-state structures determined by single-crystal X-ray crystallography. 51,52,55,60-63
In all cases, the positions of the hydrogen and fluorine atoms were geometry optimized. Full
definitions of the interaction tensor components, associated constants and Euler angles74,75
are provided in Tables 6.1, 6.2, and 6.3.

6.3.4 - NQR
63

Cu and 65Cu NQR frequencies (nQ(63Cu) and nQ(65Cu)) were obtained at ambient

temperature using a Bruker CXP-300 console which delivered high-power rf pulses into a
probe arrangement that was shielded from extraneous magnetic and rf interference by a
mumetal container. Solid echo experiments with extended phase cycles76 were used for these
measurements to minimize lineshape distortions through the cancellation of echo tails. These
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measurements utilized power levels of ca. 570 Vp-p (i.e., ca. 800 W) and recycle delays of
0.5 s. The measured values of nQ(63Cu) were verified by measurement of the corresponding
nQ(65Cu), which are related by the ratio of the nuclear quadrupole moments (Q):
nQ(63Cu) / nQ(65Cu) = Q(63Cu) / Q(65Cu) = 1.081

(1)

ensuring that all reported NQR frequencies are correctly attributed to 63Cu and 65Cu nuclei,
and eliminating the possibility of associating a measured frequency with a transition between
energy levels from other quadrupolar nuclei in each sample.

6.4 - Results and Discussion
First, the experimental results and interpretation of 65Cu solid-state NMR spectra are
presented.

The frequency-stepped UW QCPMG NMR spectra and corresponding

simulations are shown for the oxyanion-based samples, and quadrupolar parameters and
isotropic chemical shifts are discussed. Refined data for select compounds through the
acquisition and simulation of WURST-QCPMG spectra is also shown.

31

P CP/MAS NMR

spectra are then discussed, along with spectral simulations and interpretation of these results
as they pertain to the sign of CQ and orientations of the EFG tensors in the molecular frames.
These results are then compared to the significantly different experimental data for
[(PPh3)2CuBH4].

Ab initio calculations of the copper EFG tensor components and

orientations are then correlated to variation in the structure about the copper centre. Lastly,
a brief discussion of copper chemical shift anisotropy (CSA) is presented, along with a
comparison of copper NMR and NQR data.
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6.4.1 - Ultra-wideline 65Cu SSNMR. [(PPh3)2CuO2CCHnF3-n] series
65

Cu UW SSNMR spectra of compounds from this series are shown in Figure 6.1,

with tabulation of relevant quadrupolar and chemical shift parameters in Table 6.1. With
increasing fluorine substitution, the value of CQ increases from 40.8 MHz for
[(PPh3)2CuO2CCH3] up to 51.7 MHz for [(PPh3)2CuO2CCF3], whereas the value of ηQ
remains relatively consistent. Each of the compounds in this series features weak bidentate
coordination of the acetate anion to the copper site, with two distinct copper-oxygen
interatomic distances, r(Cu-O). One of the r(Cu-O) is relatively consistent over this series
(between 2.11 and 2.17 Å), whereas the other increases from 2.23 to 2.55 Å with increasing
fluorine substitution (and increasing CQ). This behaviour might invite the precursory
interpretation that the largest component of the EFG tensor, V33, is oriented somewhere near
or along the direction of the changing Cu-O bond; however, this would only be valid under
simple point charge modelling of the EFG tensor, which is inappropriate for such molecular
systems in which the EFG tensor characteristics are highly dependent upon the nature of
covalent bonding at the copper atom. For instance, previous studies on copper SSNMR
spectroscopy of trigonal planar sites,22 as well as several other half-integer quadrupolar nuclei
in similar environments,38,77 suggest that V33 should be oriented perpendicular to the P-Cu-P
plane, and that its magnitude should be largely dependent upon the Cu-P bond lengths and
P-Cu-P angles, and only influenced in a minor way by the nature/position of the
counteranion. With copper NMR data alone, it is not possible to determine the EFG tensor
orientation; but with complimentary 31P NMR spectra and theoretically calculated copper
EFG tensor data (vide infra), the relationship between the NMR parameters and molecular
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structure should become increasingly clear.
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Figure 6.1. Static 65Cu QCPMG NMR spectra (bottom traces) and simulations (top traces) of (a)
[(PPh3)2CuO2CCH3], (b) [(PPh3)2CuO2CCH2F], (c) [(PPh3)2CuO2CCHF2], and (d) [(PPh3)2CuO2CCF3]. The asterisk
(*) denotes background signal arising from residual copper metal.
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41.2(1)

41.7(2)

40.6(2)

51.7(3)

49.6(3)

45.8(3)

40.8(2)

|CQ(65Cu)|
(MHz)c

44.56(1)

40.13(1)

41.16(1)

41.49(1)

40.63(1)

52.30(1)

49.81(1)

45.75(1)

40.64(1)

NQR |CQ(65Cu)|
(MHz)d

b

0.07(1)

0.29(1)

0.35(1)

0.70(1)

0.33(1)

0.44(1)

0.41(1)

0.40(2)

0.34(1)

ηQ e

850(100)

1200(100)

1050(60)

1150(150)

1150(100)

1075(250)

1150(250)

1050(125)

1075(50)

Ω
(ppm)f

-0.75(15)

-0.20(20)

-0.20(20)

-0.10(20)

-0.15(20)

-0.10(30)

-0.10(35)

-0.15(35)

-0.20(15)

κg

90(20)

90(10)

90(15)

90(5)

90(10)

90(20)

90(25)

90(20)

90(20)

α
(deg)h

90(10)

90(10)

90(10)

90(4)

90(5)

90(20)

90(20)

90(20)

90(7)

β
(deg)h

0(4)

0(3)

0(4)

0(5)

0(10)

0(10)

0(10)

0(15)

0(5)

γ
(deg)h

c
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Q denotes standard QCPMG pulse sequence and WQ denotes WURST-QCPMG. Isotropic chemical shift: δiso = (δ11 + δ22 + δ33)/3.
Quadrupolar coupling constant: CQ = eQV33/h, where the principal components of the EFG tensor are defined as |V33| $ |V22| $|V11|.
d
The value of CQ is calculated from νNQR using the relation CQ = νNQR/(1 + η2/3)1/2/(S + 1/2). The value of ηQ extracted from experimental
NMR spectra is employed in this conversion. e Asymmetry parameter: ηQ = (V11 - V22)/V33. f Span: Ω = δ11 - δ33. g Skew: κ = 3(δ22 - δiso)/Ω.
h
See references 74 and 75 for Euler angle definitions.

a

WQ

Methoda

[(PPh3)2CuO2CCH3]

Compound

Table 6.1. Experimental 65Cu NMR parameters.

6.4.2 - [(PPh3)2CuO2N] and [(PPh3)2CuO2NO]
The 65Cu NMR spectra for these species (Figures 6.2(a) and 6.2(b)) reveal quadrupolar
parameters on the order of those in the acetate series. Both complexes have bidentate
coordination of oxygen atoms to the copper site, and are seemingly structurally identical, with
very similar r(Cu-P) and p(P-Cu-P). However, the O2NO group is only slightly further away
from the Cu centre than the O2N group (i.e., r(Cu-O) = 2.197 and 2.190 Å, respectively). It
therefore comes as little surprise that the values of CQ are similar in these complexes, as are
the chemical shift parameters. Interestingly, the values of ηQ are disparate, with 0.33 and 0.70
for the O2N and O2NO species, respectively, meaning that though V33 is very similar between
the two species, V11 and V22 are distinct. It appears that the additional oxygen atom on the
O2NO anion results in a decrease in V11 and increase in V22 compared to that in the O2N
species, causing ηQ to increase in the former. This difference in ηQ is manifested in the
spectrum in two ways: as ηQ increases, (i) the positions of the central discontinuities (or
“horns”) shift to the centre of the pattern and (ii) the breadth of the pattern increases by ca.
800 kHz. We note that some of the increased breadth can be attributed to the small CQ
difference of 1.1 MHz; however, simulated powder patterns suggest the dominance of ηQ in
this case (Appendix E, Figure E1).
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Figure 6.2. Static 65Cu QCPMG NMR spectra (bottom traces) and simulations (top traces) of (a) [(PPh3)2CuO2N], (b)
[(PPh3)2CuO2NO], (c) [(PPh3)2CuO2CH], and (d) [(PPh3)2CuO2CPh]. The asterisk (*) denotes background signal
arising from residual copper metal.

6.4.3 - [(PPh3)2CuO2CH] and [(PPh3)2CuO2CPh]
The

65

Cu NMR spectra for these species are pictured in Figures 6.2(c) and (d).

Despite their unique anion structures, their quadrupolar parameters are very similar. The
potential correlations between NMR parameters and molecular structure that can be made for
these systems are limited by the quality of the crystal structure for [(PPh3)2CuO2CPh], which
features an unusual phenyl ring orientation with respect to the CO2 moiety. However, we note
that the signal to noise in the O2CH species is significantly increased in comparison to the
O2CPh species, due to the much longer 65Cu transverse relaxation time, T2, for the former (the
full echo trains for one sub-spectrum for each species are shown in the supporting
information, Figure E2).

We note this feature of these spectra, since T2-dependent

experiments may be of future use in understanding molecular structure and dynamics in cases
like this where the quadrupolar parameters may be ambiguous.

6.4.4 - WURST-QCPMG Experiments
During the course of this project, our group was investigating the use of the
WURST-QCPMG pulse sequence for the rapid acquisition of high quality, UW SSNMR
spectra.47 Since several of the systems discussed in this work have very small sample sizes,
small T2 values, or both of these qualities, we opted to apply this pulse sequence in an attempt
to refine the NMR interaction tensor parameters obtained from QCPMG NMR spectra.
WURST-QCPMG NMR spectra are presented for [(PPh3)2CuO2N], [(PPh3)2CuO2CPh],
[(PPh3)2CuO2CCH3], and [(PPh3)2CuO2CCH2F] in Figures 6.3, 6.4 and E3. Not only were
these spectra acquired in much shorter time periods and with fewer pieces than the
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corresponding piecewise QCPMG spectra (Table E4), but the spectral resolution is
significantly higher, allowing for increased accuracy in the NMR parameters determined from
simulations (Table 6.1). The spectral resolution is higher since the increased efficiency of the
WURST-QCPMG experiment permits the acquisition of spectra with smaller spikelet
spacings in the frequency domain (due to increased spacings of echoes in the time domain
FID).41 In terms of broadband excitation of these powder patterns, WURST-QCPMG
experiments are superior to ordinary QCPMG experiments. This increased efficiency in
excitation allows for a savings in overall experimental time, since the same powder pattern
with identical spikelet spacing in the frequency domain can be acquired much more rapidly,
and with far fewer subspectra, using the WURST-QCPMG pulse sequence. The intrinsic S/N
increase afforded by the WURST-QCPMG experiment allows for increased spacing of echoes
in the time domain FID, which sacrifices some S/N, but results in a smaller spikelet
separation in the frequency domain. As a result, it is possible to collect an increased number
of points per echo, thereby increasing the inherent spectral resolution.46 In comparing the
spectral quality and experimental times of the QCPMG and WURST-QCPMG experiments,
it would seem that the latter is much more suitable for acquisition of UW SSNMR spectra of
this sort.47
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Figure 6.3. Static 65Cu WURST-QCPMG NMR spectra (bottom traces), QCPMG
(middle traces), and simulations (top traces) of (a) [(PPh3)2CuO2N] and (b)
[(PPh3)2CuO2CPh]. The asterisk (*) denotes background signal arising from residual
copper metal.
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Figure 6.4. Static 65Cu WURST-QCPMG NMR spectra (bottom traces), QCPMG
(middle traces), and simulations (top traces) of (a) [(PPh3)2CuO2CCH3] and (b)
[(PPh3)2CuO2CCH2F]. The asterisk (*) denotes background signal arising from
residual copper metal.
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6.4.5 - 31P CP/MAS NMR
1

H-31P CP/MAS NMR spectra of the copper oxyanion complexes are shown in

Figures 6.5 and 6.6, along with corresponding analytical simulations.

Tabulated

experimental data are shown in Table 6.2. The spectra all feature multiplet structures arising
from J-coupling between 31P and 65/63Cu (both spin I = 3/2, 2I + 1 = 4 peaks are observed).
Multiplet peaks arising from 31P coupling to 65Cu are seen just outside of those arising from
coupling to 63Cu, due to the slightly larger gyromagnetic ratio of the former. The peaks due
to 1J(63Cu, 31P) are more than double the intensity of those arising from 1J(65Cu, 31P), due to
the different natural abundances of the copper isotopes (69.1% and 30.9%, respectively). In
each spectrum, it is important to note that the spacings between peaks increase from high to
low frequency, indicating the presence of residual dipolar coupling between spin-1/2 and
quadrupolar nuclei.78,79 Residual dipolar coupling arises from the failure of the high-field
approximation: i.e., when large quadrupolar interactions are on the order of the Zeeman
interaction, the nuclear spin angular momentum is no longer solely quantized along the
direction of the magnetic field, resulting in non-zero frequency shifts from the normally
non-secular C and D terms of the dipolar Hamiltonian.
The presence of residual dipolar coupling requires that a number of different factors
be taken into account when simulating such spectra. First, values of δiso and 1J(65Cu, 31P) are
obtained directly from the spectrum, as the centre of gravity and distance between the two
central peaks, respectively; second, the average dipolar coupling, RDD, is calculated using the
internuclear Cu-P distances obtained from crystal structures or via other estimations; finally,
the quadrupolar parameters are taken from quadrupolar data presented above.
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The

frequencies of the peaks in the 31P NMR spectrum corresponding are given by:
νm ' νiso & mJiso %

I (I % 1) & 3m 2
d
I (2I & 1)

(2)

where νiso is the frequency of the isotropic chemical shift, Jiso is the isotropic spin-spin
coupling, I is the quadrupolar nuclear spin, m = I, I - 1, ..., - I, and d is the residual dipolar
coupling, which is given by
d '

3CQ Reff
20νI

[(3cos2βD & 1) % ηQ sin2βD cos2αD] .

(3)

where CQ and ηQ are the quadrupolar parameters, Reff is the effective dipolar coupling
constant, νI is the Larmor frequency of the quadrupolar nucleus, and βD and αD are angles that
define the orientation of the dipolar vector with respect to the frame of the EFG tensor. The
effective dipolar coupling takes into account contributions from RDD as well as the anisotropic
component of J-coupling, which are effectively inseparable unless RDD is known with great
accuracy: Reff = RDD - ΔJ /3. In addition, the sign of the quadrupolar coupling constant, which
is not available from quadrupolar NMR spectra, can be obtained from analysis of such
spectra.
We note that in some cases, particularly for spectra which indicate the presence of
multiple phosphorus sites, that there are some small but distinct discrepancies in peak
intensities between experimental and simulated spectra. This may be due to a variety of
factors outside of the eight parameters that are utilized to obtain these spectral fits, including
site-dependent differences in 1H-31P cross-polarization efficiency and/or the efficiency of 1H
decoupling,

31

P-31P homonuclear dipolar coupling, or differential relaxation among the
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different transitions arising from J-coupling with the copper isotopes (scalar relaxation of the
second kind); however, none of these effects are treated with the WSOLIDS software
package. Due to the a priori knowledge of 1H-31P and 31P-31P dipolar coupling constants
calculated from known internuclear distances, and the fast spinning rates at which these
spectra were acquired, we believe that the only significant source of differential broadening
arises from scalar relaxation of the second kind.80 Nevertheless, the peak positions match
up well in all cases, with slightly larger uncertainties in certain parameters extracted from the
multi-site spectra.
All values for δiso fall within a tight range from -6.50 to 11.50 ppm. In compounds
with multiple crystallographically non-equivalent

31

P sites, the similarity of chemical

environments leads to a large degree of overlap in the observed spectra. Values for Jiso
occupy a narrow range between 1400 and 1510 Hz (discounting impurities). This can be
explained through the consideration of Cu-P bond lengths in this series of compounds, which
range only from 2.227 to 2.249 Å, and the likely dominance of the Fermi-contact J-coupling
mechanism.81,82 Previous experimental measurements of 1J(M,31P) (M = Cu, Ag) and
theoretical evaluations of J-coupling mechanisms by Nelson et al.83,84 and Wasylishen et al,85
respectively, strongly indicate that the Fermi-contact mechanism is the only significant
spin-spin coupling mechanism for such couplings. Though the values of RDD can be
calculated with some accuracy, the spectral simulations are relatively insensitive to small
changes in this parameter as well as ΔJ, which is estimated to have an upper limit of 400 Hz.
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Figure 6.5. 1H-31P CP/MAS NMR spectra (bottom traces) and simulations (top traces) of (a) [(PPh3)2CuO2CCH3], (b)
[(PPh3)2CuO2CCH2F], (c) [(PPh3)2CuO2CCHF2], and (d) [(PPh3)2CuO2CCF3].
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Figure 6.6. 1H-31P CP/MAS NMR spectra (bottom traces) and simulations (top traces) of (a) [(PPh3)2CuO2N], (b)
[(PPh3)2CuO2NO], (c) [(PPh3)2CuO2CH], and (d) [(PPh3)2CuO2CPh].
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Simulations of 1H-31P CP/MAS NMR spectra take into account values of CQ(65Cu) and CQ(63Cu), where CQ(63Cu) = 1.0784 CQ(65Cu).

-0.70(5)

-3.10(10)

[(PPh3)2CuO2CH]

[(PPh3)2CuBH4]
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2
-3.05(5)

3.40(20)
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2
1
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1
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[(PPh3)2CuO2N]

[(PPh3)2CuO2CCF3]

[(PPh3)2CuO2CCHF2]

-4.20(15)

4
2

1.60(10)

3
2.80(15)

-4.70(15)

2

1

-5.60(15)

1

[(PPh3)2CuO2CCH3]

[(PPh3)2CuO2CCH2F]

2.60(10)

Site

Compound

δiso
(ppm)

Table 6.2. Experimental 31P NMR parameters.

b 1

0(100)

0(200)

0(400)

0(300)

0(150)

0(200)

0(250)

0(150)

0(250)

0(200)

0(200)

0(300)

0(300)

0(400)

0(350)

0(400)

0(350)

0(200)

0(200)

0(150)

ΔJ (Hz)

J(31P,65Cu) = 1.0706 @1J(31P,63Cu).

1100(100)

1250(125)

1300(100)

1240(150)

1150(200)

1235(150)

1175(175)

1200(150)

1150(150)

1100(200)

1100(200)

1195(175)

1240(150)

1245(200)

1250(200)

1260(250)

1250(175)

1100(100)

1125(125)

1245(100)

RDD (Hz)c

c

30(15)

65(15)

65(15)

65(15)

65(20)

65(10)

62(10)

62(10)

65(15)

65(15)

65(15)

60(15)

60(15)

70(15)

70(15)

70(15)

70(20)

70(20)

70(20)

70(15)

αD
(deg)

RDD = (µo/4π)(γAγB£/r3).

90(5)

90(10)

90(5)

90(10)

90(10)

90(10)

90(10)

90(10)

90(10)

90(10)

90(10)

90(15)

90(15)

90(10)

90(10)

90(15)

90(15)

90(10)

90(10)

90(10)

βD
(deg)

The simulated spectra are also dependent upon CQ and ηQ, but not upon small changes
in these parameters; hence, accurate determination of these parameters is very useful for
obtaining accurate information on EFG tensor orientation.22,86 If the quadrupolar parameters
are known with accuracy, then both the sign of CQ and the polar angles, βD and αD, impact
the spectral appearance. The values for the tip angles, βD, for all eight compounds are found
to be ca. 90 degrees, indicating that the dipolar vector is oriented perpendicular to the V33
component of the EFG tensor in all cases (i.e., in the plane defined by V11 and V22).
Furthermore, values of the azimuthal angles, αD, which range from 60o to 70o, indicate that
the V11 component of the EFG tensor is situated 60 to 70 degrees away from the dipolar
vector. Since the p(P-Cu-P) angles range from 120 to 135o, V11 approximately bisects
p(P-Cu-P) (see Fig. E4 for an illustration of these orientations). These angles play a very
important role in the appearance of the 31P spectrum; for contrast, we include copper and
phosphorus NMR data for a copper borohydride complex [(PPh3)2CuBH4], in order to
demonstrate the effect of tensor orientation on spectral appearance (vide infra).

6.4.6 - 65Cu and 31P NMR of [(PPh3)2CuBH4]
The breadth of the 65Cu NMR spectrum of [(PPh3)2CuBH4] (Figure 6.7(a)), much like
those mentioned previously, is large (CQ = 43.3 MHz) in comparison to most of the 65Cu
SSNMR spectra of Cu(I) complexes in the current literature. However, of greater interest
is the appearance of the spectrum. Both discontinuities are located near the very edges of the
powder pattern; hence, it is evident that ηQ is quite low (0.07). This small ηQ value indicates
that the EFG tensor is almost axially symmetric (i.e., V11 and V22 are very similar in
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magnitude), inferring that the electronic environment at the copper site is distinct from those
of the other samples discussed thus far.

Figure 6.7. (a) Static 65Cu QCPMG NMR spectrum (bottom trace) and simulation
(top trace) of [(PPh3)2CuBH4]. (b) 1H-31P CP/MAS NMR spectrum (bottom trace) and
simulation (top trace) of [(PPh3)2CuBH4].
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The 31P CP/MAS NMR spectrum of [(PPh3)2CuBH4] (Figure 6.7(b)) appears similar
to those of the other compounds. The δiso falls within the previously established range for
these species; however, the 1J(65Cu, 31P) = 1220 Hz is distinct, perhaps suggesting that the
BH4 anion has some influence on the (PPh3)2Cu cation structure. The RDD of 1100 Hz is
attributed to a slightly larger Cu-P distance (2.278 Å) in comparison to the other copper(I)
species in this study, and there once again appear to be negligible contributions to the
patterns from ΔJ. Simulations reveal that βD is 90o, again orienting the V33 component of the
EFG tensor perpendicular to the dipolar vector, and perpendicular to the P-Cu-P plane.
Interestingly, the extracted value for αD is 30o, rather than the 60-70o uniformly observed for
other samples in this study. The orientation of V11 and V22 were further explored with the use
of ab initio calculations.

6.4.7 - Theoretical Calculations of 65Cu EFG Tensors
Ab initio calculations were performed on all compounds using the restricted
Hartree-Fock (RHF) calculation method along with both 6-31++G** and 6-311G** basis
sets, which have previously been shown to give excellent agreement between experimental
and theoretical values for copper (I) compounds.22 Generally, the 6-311G** basis set yields
the best results for those compounds which have lower values of CQ (in the context of this
study), and the 6-31++G** basis for higher CQ values (Table 6.3).

However, the

experimental values of CQ were always over- and underestimated by the 6-311G** and
6-31++G** basis sets, respectively.

The experimental value of ηQ was generally

overestimated when using either basis set, with slightly better agreement from the 6-311G**
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calculations in most cases. The use of diffuse functions (i.e., 6-31++G**) does not seem to
be advantageous for such calculations, since there is no clear improvement in agreement
between experimental and theoretical parameters, and 6-31++G** calculations are
considerably more lengthy than corresponding 6-311G** calculations.
In all cases, the V33 component of the EFG tensor is predicted to lie perpendicular to
the plane of the P-Cu-P bonds, in agreement with our conclusions based on the simulations
of 31P CP/MAS NMR spectra. For all compounds but the BH4 species, V11 and V22 are
contained within the P-Cu-P bond plane, with V11 approximately bisecting the P-Cu-P angle.
In the case of [(PPh3)2CuBH4], V11 and V22 are contained within the P-Cu-P bond plane, with
V22 directed toward the boron atom of the BH4 group (Figure 6.8). The orientations of V11
and V22 are consistent with our experimental NMR data and the theoretically predicted
orientations of V11, V22, and V33 correspond well to the experimentally determined Euler
angles (Table 6.4).

Figure 6.8. Calculated EFG tensor orientation of [(PPh3)2CuBH4] (left) and
[(PPh3)2CuO2NO] (right) using the RHF method and 6-311G** basis set. V33 in both
cases is oriented perpendicular to the page. Phenyl protons are omitted for clarity.

288

Table 6.3. EFG tensor parameters calculated using the RHF method in the Gaussian03
software package.
Basis Set

V11 (a.u.)

V22 (a.u.)

Experimental
6-311G**
6-31++G**

0.2632
0.1603

0.6535
0.5711

Experimental
6-311G**
6-31++G**

0.2786
0.1720

0.7938
0.7024

Experimental
6-311G**
6-31++G**

0.3367
0.2349

0.8627
0.6732

Experimental
6-311G**
6-31++G**

0.3404
0.2145

0.9162
0.8006

Experimental
6-311G**
6-31++G**

0.2456
0.2124

0.6225
0.5576

Experimental
6-311G**
6-31++G**

0.1493
0.1041

0.7566
0.6617

Experimental
6-311G**
6-31++G**

0.2545
0.1637

0.6198
0.5426

Experimental
6-311G**
6-31++G**

0.3051
0.1766

0.6133
0.5590

Experimental
6-311G**
6-31++G**

0.4848
0.3813

0.6658
0.5256

V33 (a.u.)
CQ (65Cu) (MHz) a
[(PPh3)2CuO2CCH3]
-40.8(2)
-0.9167
-43.94
-0.7314
-35.06
[(PPh3)2CuO2CCH2F]
-45.8(3)
-1.0724
-51.40
-0.8745
-41.92
[(PPh3)2CuO2CCHF2]
-49.6(3)
-1.1993
-57.49
-0.9082
-43.53
[(PPh3)2CuO2CCF3]
-51.7(3)
-1.2567
-60.24
-1.0151
-48.66
[(PPh3)2CuO2N]
-40.6(2)
-0.8681
-41.61
-0.7701
-36.91
[(PPh3)2CuO2NO]
-41.7(2)
-0.9060
-43.43
-0.7658
-36.71
[(PPh3)2CuO2CH]
-41.2(1)
-0.8743
-41.91
-0.7063
-33.86
[(PPh3)2CuO2CPh]
-40.3(2)
-0.9183
-44.02
-0.7336
-35.16
[(PPh3)2CuBH4]
-44.3(1)
-1.1506
-55.15
-0.9069
-43.47

a

ηQ
0.34(1)
0.43
0.56
0.40(2)
0.48
0.38
0.41(1)
0.44
0.48
0.44(1)
0.46
0.58
0.33(1)
0.43
0.45
0.70(1)
0.67
0.73
0.35(1)
0.42
0.54
0.29(1)
0.34
0.53
0.07(1)
0.16
0.16

Calculated CQ is converted from atomic units into Hz by multiplying V33 by (eQ/h)(9.7177 x 1021 V m-2),
where Q(63Cu) = !0.220 x 10-28 m2, Q(65Cu) = !0.204 x 10-28 m2 and e = 1.602 x 10-19 C. The Gaussian 03
software package employs a distinct sign convention for the calculations of V33, where V33 is defined with a sign
opposite to the sign of a true EFG.
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Table 6.4. Calculated orientation of the EFG tensor with respect to the P-Cu dipolar vector
using the RHF method in the Gaussian03 software package.
Basis Set
βD (degrees)
αD (degrees)
[(PPh3)2CuO2CCH3]
Experimental
90(10)
70(20)
6-311G**
89.38
67.25
6-31++G**
88.78
65.71
[(PPh3)2CuO2CCH2F]
Experimental
90(15)
70(15)
6-311G**
86.13
69.11
6-31++G**
85.00
68.18
[(PPh3)2CuO2CCHF2]
Experimental
90(15)
60(15)
6-311G**
85.94
66.52
6-31++G**
87.69
66.14
[(PPh3)2CuO2CCF3]
Experimental
90(10)
65(15)
6-311G**
86.36
66.65
6-31++G**
86.21
67.85
[(PPh3)2CuO2N]
Experimental
90(10)
65(15)
6-311G**
88.44
63.88
6-31++G**
87.81
63.88
[(PPh3)2CuO2NO]
Experimental
90(10)
62(10)
6-311G**
88.86
65.43
6-31++G**
87.96
65.03
[(PPh3)2CuO2CH]
Experimental
90(10)
62(10)
6-311G**
87.88
64.15
6-31++G**
87.27
64.16
[(PPh3)2CuO2CPh]
Experimental
90(10)
65(10)
6-311G**
88.51
64.94
6-31++G**
88.47
63.38
[(PPh3)2CuBH4]
Experimental
90(5)
30(15)
6-311G**
88.90
28.53
6-31++G**
88.78
28.54
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6.4.8 - Copper NMR Parameters and Molecular Structure
Clear relationships exist between the local structure about the Cu centers and the
experimentally determined copper EFG parameters (Table E3), and calculated EFG tensor
orientations aid in our understanding of these associations. In the [(PPh3)2CuO2CCHnF3-n]
series, it is observed that as n decreases, and the P-Cu-P bond angle increases, along with one
Cu-O bond length (the other Cu-O bond length remains constant), the value of CQ increases.
As n decreases, the anion donor group gradually transitions from a bidentate ligand (resulting
in a four-coordinate Cu center) towards a monodentate ligand (three-coordinate Cu). Since
CQ is a measure of spherical symmetry of the ground state electronic environment about Cu,
the progression from the bidentate to monodentate behaviour matches well with the increase
in CQ.
Additional evidence of the structural sensitivity of
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Cu SSNMR is seen in the

[(PPh3)2CuO2N] and [(PPh3)2CuO2NO] samples, where the presence of a single additional
oxygen atom on the anion group results in a substantial difference in ηQ values, and strikingly
distinct spectra for each sample. Furthermore, changing the anion to a borohydride results
in a major alteration in the axial symmetry of the EFG tensor: the magnitudes of the V11 and
V22 components become similar, yielding a ηQ value near zero, and a unique spectrum
compared to those of the oxyanion species. Hence, though the range of CQ values is small
for this structural motif, changes in CQ and ηQ can be readily interpreted in terms of both
minor and major changes in local structure.
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6.4.9 - Copper Chemical Shift Anisotropy
Experimental CS tensor parameters (Table 6.1) are similar amongst all compounds
in this study, with the exception of [(PPh3)2CuBH4]. For the other eight species, spans (Ω)
fall in a relatively tight range from 1000 to 1200 ppm, and skews (κ) are also in close
proximity, between 0.00 and -0.20. In contrast to those results, [(PPh3)2CuBH4] has a smaller
Ω of 850 ppm and a negative κ of -0.75. Generally, the copper CSA has a negligible impact
on the 65Cu SSNMR spectra presented in this study (acquired at 9.4 T), since the central
transition powder patterns are dominated by the second-order quadrupolar interactions. For
example, the spectrum of [(PPh3)2CuO2CCF3] is 4.3 MHz in breadth, and the experimental
Ω of 1075 ppm contributes only 15-20 kHz of broadening, which translates into 0.35 to
0.47 % of the breadth of the entire pattern! This potentially means that the errors in the
anisotropic CS tensor components can be quite large. However, the positions of the
discontinuities are distinct for different sets of CS tensor parameters (Figure 6.9) in some
cases. The significance of the CSA values, however, is not to be overestimated, due to their
relatively minor impacts on the spectral appearances. Ultra-high field NMR data (e.g.,
21.1 T fields and higher) may be useful in elucidating CS tensor parameters with lower
uncertainties, but this is beyond the scope of the current work. The isotropic chemical shift,
though also subject to a large degree of error, shows a clear trend only for the acetate series,
decreasing with increased methyl hydrogen substitution. Euler angles relating the orientation
of EFG and CS tensors of 90, 90, and 0 degrees were universally observed in all compounds
for α, β, and γ, respectively, and also subject to some degree of error.
Ab initio calculations of copper MS tensor parameters (Table 6.5) reveal a consistent
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overestimation of δiso, but relatively good agreement for the values of Ω and κ. The predicted
MS tensor orientation is consistent with the Euler angles determined through experiment.
σ11 lies almost coincident with V33, while σ33 and V22 are almost aligned. σ22 and V11 are also
aligned and approximately bisect the P-Cu-P angle (see Figure E5 for a sample orientation).

6.4.10 - Copper NQR
NQR measurements were performed, and the 65Cu nuclear quadrupole frequencies
were converted to quadrupolar coupling constants (Table 6.1). In all cases, the converted CQ
values correspond very closely to the magnitude of the CQ values observed via 65Cu NMR.
There are slight discrepancies between the magnitudes of CQ determined by NQR and
QCPMG NMR experiments and the differences in these values are sometimes slightly
outside of the experimental uncertainty. The NMR patterns are acquired very rapidly, though
they provide less accurate EFG tensor parameters than NQR experiments; however, they
enable the rapid acquisition of NQR spectra without a prolonged set of frequency sweeps
aimed at locating the NQR peak(s). In addition, for the spin-3/2 case, the value of the
asymmetry parameter is not generally available from the NQR spectrum; hence, accurate
determination of both quadrupolar parameters is dependent upon a combination of this data.
However, for data obtained using the WURST-QCPMG pulse sequence, there is excellent
agreement between NQR and NMR parameters, since the positions of the discontinuities and
pattern edges are better defined. The higher degree of accuracy is due to the time savings
realized using the WURST-QCPMG sequence, which allows for a smaller spikelet separation
to be used and thus higher resolution achieved in the same time that a traditional QCPMG
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experiment would take. The 65Cu NMR data confirms the dominance of the quadrupolar
interaction and relatively small impact of the CSA on the central transition powder pattern,
and injects a small degree of uncertainty into the experimental measurements of CS tensor
parameters using QCPMG.

This also further substantiates the usefulness of the

WURST-QCPMG sequence, which should/will be used for future
acquisitions.
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Figure 6.9. 65Cu simulations of [(PPh3)2CuO2CCF3] (left) and [(PPh3)2CuO2NO] (right) with no CSA (top traces) and accounting for
CSA (middle traces). The bottom traces are the experimental spectra.

Table 6.5. Theoretical Gaussian03 MS tensor calculations using the RHF method.
Basis Set

δ11 (ppm)

Experimental
6-311G**
1157.73
6-31++G**
1296.21

δ22 (ppm)

529.18
728.52

Experimental
6-311G**
978.50
6-31++G**
1239.02

290.38
702.84

Experimental
6-311G**
1126.47
6-31++G**
1224.76

411.42
673.15

Experimental
6-311G**
1019.98
6-31++G**
1198.25

336.06
630.18

Experimental
6-311G**
1076.00
6-31++G**
1254.87

378.83
690.53

Experimental
6-311G**
1042.94
6-31++G**
1236.83

354.63
672.39

Experimental
6-311G**
1110.37
6-31++G**
1267.12

523.18
679.93

Experimental
6-311G**
1231.29
6-31++G**
1343.09

457.01
706.11

Experimental
6-311G**
1241.91
6-31++G**
1347.22

421.18
593.57

δ33 (ppm)
δiso(ppm)
[(PPh3)2CuO2CCH3]
300(20)
-18.17
556.25
219.96
748.23
[(PPh3)2CuO2CCH2F]
175(100)
-12.29
418.86
177.29
706.38
[(PPh3)2CuO2CCHF2]
130(100)
-62.42
491.83
161.46
686.46
[(PPh3)2CuO2CCF3]
150(50)
-103.66
417.46
156.84
661.76
[(PPh3)2CuO2N]
250(50)
-83.63
457.07
250.82
732.07
[(PPh3)2CuO2NO]
250(60)
-76.28
440.43
208.07
705.76
[(PPh3)2CuO2CH]
310(40)
89.54
574.36
246.28
731.11
[(PPh3)2CuO2CPh]
340(30)
25.82
571.37
267.85
772.35
[(PPh3)2CuBH4]
375(75)
306.35
656.48
584.84
841.88
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Ω(ppm)

κ

1075(50)
1175.89
1076.25

-0.20(15)
-0.069
-0.055

1050(125)
990.77
1061.73

-0.15(35)
-0.389
-0.010

1150(250)
1188.89
1063.30

-0.10(35)
-0.203
-0.038

1075(250)
1123.64
1041.41

-0.10(30)
-0.217
-0.091

1150(100)
1159.64
1004.05

-0.15(20)
-0.202
-0.124

1150(150)
1119.22
1028.76

-0.10(20)
-0.230
-0.097

1050(60)
1020.83
1020.83

-0.20(20)
-0.150
-0.150

1200(100)
1205.48
1075.24

-0.20(20)
-0.285
-0.185

850(100)
935.57
762.39

-0.75(15)
-0.755
-0.977

6.5 - Conclusions
The QCPMG and WURST-QCPMG pulse sequences, combined with
frequency-stepped acquisitions, have been used to acquire high quality 65Cu UW SSNMR
spectra of a series of bis(triphenylphosphine) copper(I) complexes. Experiments were
conducted in a fraction of the time encountered in traditional Hahn-echo experiments. The
experimental quadrupolar parameters clearly reflect subtle changes in a common structural
motif; this is especially notable in the fluoroacetate series, where the CQ is observed to
increase as the copper atom environment changes

from four-coordinate to

pseudo-three-coordinate. In addition, complimentary spin-1/2 and quadrupolar data serve
to partially orient the EFG tensor in the molecular frame, without the need for lengthy
single-crystal NMR experiments. Ab initio calculations (RHF/6-311G**) yield copper
quadrupolar parameters and EFG tensor orientations which are in excellent agreement with
experimental results. Using the methodology outlined herein, we will continue to develop
an understanding of the relationships between anisotropic copper NMR parameters and a
variety of molecular structures. The rapid rate of detection and high S/N afforded by the
WURST-QCPMG pulse sequence offers much promise for the acquisition of 65Cu NMR
spectra of samples with dilute copper environments, or even samples with multiple,
structurally distinct copper environments. Furthermore, the application of these techniques
at ultra-high fields (i.e. 21.1 T) hold much promise for the routine application of
UWNMR for the structural characterization of materials.
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Chapter 7: Conclusions and Future Outlook
This thesis demonstrates the utility of SSNMR for characterization of inorganic
materials, primarily via experiments on nuclei considered insensitive due to low natural
abundance, low γ, or lengthy relaxation times. In the past, these nuclei were termed
“insensitive” and simply could not be detected via ordinary NMR experiments due to weak
static magnetic fields (i.e., B0), unsophisticated rf hardware, etc. Today, insensitive nuclei
still pose formidable challenges; but, new pulse sequences, high-quality hardware, and
ultra-high static magnetic fields have enabled the efficient detection of insensitive nuclei in
a variety of materials and chemical environments.
The work in Chapter 2 serves as a useful proof-of-concept, illustrating the utility of
195

Pt, 14N, and 35Cl SSNMR experiments for structural characterization of simple inorganic

species such as cisplatin. Chapter 3 further demonstrates the vast amounts of information
available from UW SSNMR of insensitive nuclei by employing NMR experiments in
conjunction with pXRD refinements in order to formulate a detailed structural model of the
insoluble Magnus' Pink Salt, which has eluded structural characterization for more than half
a century. For these square-planar inorganic systems, the 195Pt CS tensor is a rich source of
structural information regarding in-plane Pt-ligand bonding as well as out-of-plane Pt-Pt
metallophillic interactions. The next step in my 195Pt SSNMR experiments was to transition
from feasibility studies to practical applications.

Experiments on the vapochromic

Pt(bpy)CN2 system detailed in Chapter 4, which reversibly incorporates atmospheric water,
demonstrates the sensitivity of the 195Pt CS tensor to even the most subtle changes in local
electronic environment. In situations where the coordination number and oxidation state of
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Pt atoms are uncertain, UW NMR experiments on dilute, insensitive 195Pt nuclei within a
large hexadentate ligand framework demonstrates the utility of Pt NMR as a quick probe of
molecular structure, even when 195Pt CS tensor data is unavailable (i.e., distributions of Pt
sites).

The structural information gleaned from such experiments provides further

compelling evidence that 195Pt NMR is a useful tool for solid-state characterization.
In a broader sense, the use of multinuclear UW SSNMR has been shown to be a
powerful probe of structure and environment in Pt(II)-based inorganic systems. Despite the
utility of SSNMR methods, complementary avenues of characterization such as pXRD are
crucial for structural elucidation, particularly when strong anisotropic interactions render
NMR spectra ambiguous, uninformative, or unattainable. Ab initio calculations are crucial
for understanding the origins of CS and EFG tensor parameters, and correlating such
parameters to molecular structure and function, particularly in the study of square-planar Pt
complexes.
Applications of SSNMR to insensitive nuclei do not necessarily involve UW spectra,
as evidenced by studies of the (H3O)Y3F10•xH2O nanoparticles, detailed in Chapter 5.
Insensitive nuclei such as 89Y, when proximate to much more receptive nuclei such as 19F,
yield valuable structural insights via cross-polarization experiments. Certainly, experiments
on highly sensitive nuclei such as 19F offer a wealth of information about these systems as
well. The combination of NMR and pXRD, much as with the Magnus Salts, once again
offers a comprehensive structural probe of the nanoparticle system, offering differentiation
of surface and core 89Y sites.
Lastly, UW 65Cu SSNMR of bis(triphenylphosphine) copper(I) species uses a series
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of well-characterized complexes to explore the sensitivity of the 65Cu EFG tensor to subtle
changes in local coordination environment. Although the anisotropic quadrupolar interaction
broadens

65

Cu NMR spectra across several MHz, use of the WURST-QCPMG pulse

sequence, along with frequency-stepped acquisition techniques, allows for efficient
acquisition of the UW NMR powder patterns.
Chapters 3 and 5 describe studies which have not yet been published in peer-reviewed
journals, and both projects offer many opportunities for future work. The Magnus' Pink Salt
product described in Chapter 3 may be characterized through additional complementary
means, such as thermal gravimetric analysis (TGA) and transmission electron microscopy
(TEM). The synthesis of MPS occurs in a solution of water in acetone and, although
SSNMR and elemental analyses do not indicate the presence of solvent in the isolated MPS
product, accurate TGA measurements should indicate if any residual solvents are ligated to
Pt or otherwise incorporated within the structure. Additionally, since pXRD and SSNMR
experiments hint at a poor degree of crystallinity within MPS, TEM experiments may be
employed to assess its overall crystallinity and morphology. The product is obtained as a fine
powder, and TEM measurements should indicate if MPS exists as a solid of poor crystallinity
(i.e., islands of amorphous and crystalline regions), or perhaps a collection of
microcrystallites or large nanoparticles.
The work on Magnus' Salts and the promise shown by NMR of the vapochromic
Pt(bpy)(CN)2 in Chapter 4 points toward a broader application of 195Pt SSNMR as a routine
characterization method for diamagnetic Pt complexes of any oxidation state. Pt-based
materials have unique optical or electronic properties, however, knowledge of the solid state
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structure is crucial since many applications of such materials often lie in the solid form (i.e.,
transistors, switches, sensors, etc.). This thesis demonstrates that

195

Pt SSNMR is an

attractive option for characterization of such compounds, even for acquisition of one the
widest Pt powder patterns ever recorded (MGS).

Use of the WURST-CPMG and

BRAIN-CP/WCPMG pulse sequences, along with the strategies for Pt powder pattern
acquisition detailed in Chapter 2 and 3, should enable study of a plethora of Pt-based
compounds in the solid state. In turn, frequent analysis of compounds via

195

Pt SSNMR

should also result in a comprehensive database of solid-state Pt chemical shift values, much
like those which exist for 195Pt solution NMR, opening the door for 195Pt SSNMR as a routine,
widely-employed characterization method across a variety of chemical systems.
The (H3O)Y3F10•xH2O nanoparticles described in Chapter 5 exhibit zeolithic
behaviour with respect to water, however, it is uncertain whether the adsorbed water is purely
zeolithic (i.e., inside the NP), or if water is also adsorbed to the external surfaces of the NPs
in this system. This question may be answered with a set of experiments involving a NP
sample, a highly accurate mass balance, and supercritical CO2. An oven-dried NP sample
would be completely dried via treatment with supercritical CO2, and the mass of this sample
would be monitored as the NP sample is exposed to ambient conditions (i.e., atmospheric
H2O). The difference in sample mass would be directly due to adsorbed H2O, and accurate
calculations could then be performed to determine if the change in mass corresponds to any
adsorption of H2O on the exterior of the NPs. Alternately, high-temperature 1H SSNMR
experiments may also shed insight into the nature of zeolithic H2O in these systems, since the
integration of 1H resonances, and possibly their chemical shifts, should be closely correlated
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to the position and environment of H2O.
With respect to Chapter 5, the (H3O)Y3F10•xH2O compound itself has been
well-characterized, however, this is the first instance of the compound in NP form. In
addition, none of the over twenty-five permutations of ALn3F10•xH2O have been prepared in
NP form. Chapter 5 shows that SSNMR and pXRD are able to unambiguously characterize
such systems, hence, future work in this area should focus on the preparation and
characterization of additional ALn3F10•xH2O NPs. In particular, SSNMR is well-suited for
investigating the origins of any unique optical or electronic behaviour that may result from
quantum confinement effects in these NPs, in addition to the known zeolithic behaviour of
these compounds.
In a broad sense, this research demonstrates the utility of NMR for characterization
of a wide variety of solid compounds. The future direction of this research points toward
further applications to systems featuring insensitive nuclei in progressively lower weight %,
or in environments with even broader powder patterns resulting from anisotropic NMR
interactions. It is possible that these methods would also be ideal for cases where unpaired
electrons produce inhomogenously broadened patterns (e.g., paramagnetic or Knight shift
anisotropies).
SSNMR experiments on insensitive nuclei have transitioned from proof-of-concept
experiments on simple, high wt % compounds, to diagnostic probes of structural environment
in systems of uncertain composition and/or morphology. Innovations in both hardware and
pulse sequences have led to situations where comprehensive multinuclear UW SSNMR
experiments may be performed on all NMR-active nuclei in a sample in under 24 hours (i.e.,
309

Pt(II) compounds in Chapters 2 and 3). Continued technological developments, as well as
the emergence of new pulse sequences, continue to push NMR forward as the premier means
of characterizing molecular-level structure. It is hoped that this thesis provides a clear
groundwork for future application of SSNMR of insensitive nuclei to structural exploration
and characterization of materials from a broad variety of research fields.
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Appendix A
Multinuclear Solid-State NMR of Square-Planar Platinum Complexes: Cisplatin
and Related Systems
Tables:
195

Pt WURST-CPMG NMR experimental parameters
Pt Hahn-echo NMR experimental parameters
195
Pt MAS NMR experimental parameters
14
N WURST-CPMG NMR experimental parameters
35
Cl WURST-CPMG NMR experimental parameters
Geometrical parameters of cisplatin and transplatin
195
Pt static NMR experimental parameters
Relativistic and non-relativistic 195Pt ab initio calculations
Experimental 195Pt T2 values
195
Pt T2 values of cisplatin as a function of applied 1H decoupling power
195
Pt T2 values of cisplatin as a function of transmitter frequency
14
N T2 values as calculated from WURST-QCPMG echo trains
14
N T2 values of cisplatin as a function of applied 1H decoupling power
35
Cl T2 values of cisplatin as a function of applied 1H decoupling power
195

Table A1
Table A2
Table A3
Table A4
Table A5
Table A6
Table A7
Table A8
Table A9
Table A10
Table A11
Table A12
Table A13
Table A14

Figures:
Co-addition methods applied to 195Pt WURST-CPMG spectra
Figure A1
Hahn-echo spectrum compared to WURST-CPMG spectrum
Figure A2
Effect of number of sub-spectra on overall powder pattern appearance
Figure A3
SIMPSON simulations of transplatin 195Pt MAS spectrum (ideal pulses)
Figure A4
SIMPSON simulations of transplatin 195Pt MAS spectrum (non-ideal pulses) Figure A5
Herzfeld-Berger contour plot of transplatin 195Pt MAS spectrum
Figure A6
195
Pt MAS spectrum of transplatin (enlargement of isotropic peak)
Figure A7
Illustration of residual dipolar coupling in a NMR spectrum
Figure A8
1
195
Figure A9
Effect of varying H decoupling power on Pt T2 values of cisplatin
Evidence of T2 anisotropy in 195Pt spectrum of cisplatin
Figure A10
14
N T2 measurement of cisplatin
Figure A11
1
14
Effect of varying H decoupling power on N T2 values of cisplatin
Figure A12
Individual-site fit of 35Cl SSNMR spectrum of cisplatin at 21.1 T
Figure A13
Effect of varying 1H decoupling power on 35Cl T2 values of cisplatin
Figure A14
Local hydrogen bonding environment about a cisplatin chlorine atom
Figure A15
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Table A1.

195

Pt WURST-CPMG NMR experimental parameters.

Compound

Echoes Recycle Step Size Scans per Number of Experimental
per Scan Delay (s) (kHz) a Subspectrum Subspectra
Time
Acquired

cis-PtCl2(NH3)2

250

120

150

24

11

8 h 48 min

trans-PtCl2(NH3)2

250

120

150

12

11

4 h 48 min

Pt(py)2Cl2

250

30

-

488

1

8 h 8 min

Pt(en)Cl2 b

125

1

300

240

6

25 min

Carboplatin

250

120

300

12

5

2 h 24 min

a

Refers to offset frequency of transmitter between adjacent subspectra. The subspectra
were then co-added to obtain the overall spectrum. b Due to favourable relaxation
characteristics, an echo size of 400 points was used to enhance the spectral resolution for
Pt(en)Cl2 experiments. All other experiments used an echo size of 200 points.
Table A2.

195

Pt Hahn-echo NMR experimental parameters.

Compound
cisPtCl2(NH3)2
transPtCl2(NH3)2

Pt(py)2Cl2

Echo Position a Recycle Delay (s)

Number of
Scans

Experimental
Time

20656

28 h 41 min

2720

3 h 47 min

8640

12 h

M

16976

23 h 35 min

R

32176

44 h 41 min

14512

20 h 9 min

1360

1 h 53 min

1872

31 min

1888

31 min

4060

22 h 33 min

L

5

M/R
L

L

5

5

M/R
Pt(en)Cl2

L

1

M/R
Carboplatin

L

20

M/R
2940
16 h 20 min
Refers to the position of the transmitter with respect to the overall powder pattern. “L”
indicates the leftmost (high-frequency) edge of the powder pattern, “M” the middle 'horn',
“M/R” the middle 'horn' and rightmost (low-frequency) edge, and “R” the rightmost edge.
See Figure A2 for an example spectrum.

a
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Table A3.

a

195

Pt MAS NMR experimental parameters.a

Spinning Speed
(kHz)

Recycle Delay
(s)

Number of Scans

Experimental
Time

26

45

1620

20 h 15 min

25

45

2056

25 h 42 min

345

11 h 30 min

16
120
MAS spectra were only collected for transplatin.

Table A4.

14

N WURST-CPMG NMR experimental parameters.a

Compound

Echoes per
Scan

Recycle Delay
(s)

Number of
Scans

Experimental
Time

cis-PtCl2(NH3)2

364

20

640

3 h 34 min

transPtCl2(NH3)2

454

20

80

27 min

Carboplatin
454
5
800
1 h 7 min
Piecewise acquisition was not required for these compounds. The high-frequency (left)
half of all spectra were acquired at a single transmitter frequency, and the low-frequency
(right) half was generated from mirroring this data about δiso = 0 ppm.
a

Table A5.

35

Cl WURST-CPMG NMR experimental parameters.

Compound

Bo (T)

cisPtCl2(NH3)2 a

9.4

250

1

250

2048

25

14 h 12 min

21.1

120

1

400

256

7

30 min

9.4

250

1

200

2048

28

15 h 55 min

21.1

120

1

500

96

8

13 min

transPtCl2(NH3)2
a

Echoes Recycle Step
Scans per Number of Experimental
per Delay (s) Size Subspectrum Subspectra
Time
Scan
(kHz)
Acquired

Spectra of cisplatin were acquired at two different static magnetic fields: 9.4 and 21.1 T.
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Table A6. Geometrical parameters of cisplatin and transplatin.
Compound r(Pt-Cl)1 r(Pt-Cl)2 r(Pt-N)1 r(Pt-N)2 p(N-Pt-N) p(N-Pt-Cl) p(Cl-Pt-Cl)
(Å)
(Å)
(Å)
(o )
(o )
(o )
(Å)
cisPtCl2(NH3)2
Reported a

2.352

2.352

2.094

2.087

91.29

87.71

91.83

Calculated b

2.356

2.356

2.092

2.085

91.54

87.77

91.58

Reported

2.333

2.333

2.086

2.086

180

89.42

179.99

Calculated

2.331

2.331

2.084

2.084

180

88.51

180

transPtCl2(NH3)2

a

Measurements taken from reported crystal structures. Refer to Experimental section for
references. b Measurements taken from fully geometry optimized crystal structures
generated using the CASTEP software package.
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Table A7.

195

Pt static NMR experimental parameters.
κd

Compound Method a δ11 (ppm) δ22 (ppm)

δ33 (ppm) δiso (ppm) b Ω (ppm) c

cisPtCl2(NH3)2

WC

4035(88) -4695(84)

-4965(68)

-1875(50)

9000(100)

-0.94(2)

E

4099(62) -4697(60)

-4877(55)

-1825(50)

8975(50)

-0.96(1)

transPtCl2(NH3)2

WC

3305(84) -3970(81)

-5845(71)

-2170(50)

9150(100)

-0.59(2)

E

3260(42) -4020(41)

-5840(35)

-2200(25)

9100(50)

-0.60(1)

M

2884(690) -3717(737) -5689(544)

-2174(4)

8573(1000) -0.54(25)

WC

3970(88) -4784(83)

-5046(67)

-2050(50)

8725(100)

-0.94(2)

E

3705(44) -4809(41)

-4895(33)

-2000(25)

8600(50)

-0.98(1)

WC

3364(44) -4903(41)

-4986(33)

-2175(25)

8350(50)

-0.98(1)

E

3342(33) -4900(34)

-4983(24)

-2180(15)

8325(40)

-0.98(1)

WC

4625(89) -4880(88)

-5025(68)

-1760(50)

9650(100)

-0.97(2)

E

4576(45) -4927(44)

-4974(34)

-1775(25)

9550(50)

-0.99(1)

Pt(py)2Cl2

Pt(en)Cl2

Carboplatin
a

Where WC denotes the WURST-CPMG pulse sequence was used, E denotes that the
standard Hahn-echo pulse sequence was used, and M denotes that a magic angle spinning
(MAS) experiment was employed at a spinning speed of 26 kHz. See Supporting
Information, Tables S1 S2, and S3 for experimental details. WC experiments were used
first to map out the total pattern, followed by echo experiments at discontinuities for
refinement of CS tensor values. b Isotropic chemical shift: δiso = (δ11 + δ22 +δ33)/3.
c
Span: Ω = δ11 - δ33. d Skew: κ = 3(δ22 - δiso)/Ω.
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Table A8. 195Pt experimental and calculated (relativistic/ZORA and non-relativistic) CS
tensor parameters. a
Compound

Method

δ11/σ11
(ppm) b

δ22/σ22
(ppm) b

δ33/σ33
(ppm) b

δiso/σiso
(ppm) b,c

Ω (ppm)

κ

-1825(50)

8975(50)

-0.96(1)

cis-PtCl2(NH3)2
Experimental d
Standard DFT e

4099(62) -4697(60) -4877(55)
BLYP +
ZORA

952

-3248

-4140

-2145

5092

-0.65

BLYP

2078

-2040

-2571

-845

4649

-0.77

-2200(25)

9100(50)

-0.60(1)

trans-PtCl2(NH3)2
3260(42) -4020(41) -5840(35)

Experimental
Standard DFT

BLYP +
ZORA

1368

-3154

-4835

-2207

6203

-0.46

BLYP

2346

-1659

-3306

-873

5652

-0.42

-2000(25)

8600(50)

-0.98(1)

Pt(py)2Cl2
3705(44) -4809(41) -4895(33)

Experimental
Standard DFT

BLYP +
ZORA

1289

-2538

-3030

-1426

4319

-0.77

BLYP

2463

-1665

-1863

-355

4326

-0.91

-2180(15)

8325(40)

-0.98(1)

Pt(en)Cl2
3342(33) -4900(34) -4983(24)

Experimental
Standard DFT

BLYP +
ZORA

1000

-3675

-3733

-2136

4733

-0.98

BLYP

1871

-2400

-2437

-989

4308

-0.98

-1775(25)

9550(50)

-0.99(1)

Carboplatin
4576(45) -4927(44) -4974(34)

Experimental
Standard DFT

BLYP +
ZORA

2232

-3670

-3675

-1705

5907

-1.00

BLYP

3626

-1904

-2030

-103

5656

-0.96

a

Tabulated standard DFT calculations were all performed using a triple-ζ polarized (TZP)
basis set on all atoms, and zeroth-order regular approximation (ZORA) for relativistic
effects where indicated. b Column refers to chemical shifts (δ) for experimental values
and standard DFT calculated values, and magnetic shieldings (σ) for plane-wave DFT
calculated values. d Reported parameters and associated uncertainties are determined from
simulations of CPMG spectra, followed by refinement with Hahn-echo experiments near
the discontinuities corresponding to the principal components. e Calculated MS
parameters (σ11, σ22, σ33, and σiso) were converted to CS parameters (δ11, δ22, δ33, and δiso)
via calculations on a PtCl62- reference unit. See Experimental section for details.
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Table A9. Experimental 195Pt T2 values. a
Number of Echoes b

Time Period (ms)

R2 Value c

T2 (ms)

cis-PtCl2(NH3)2

168

29.41

0.905

8.33 (0.58)

trans-PtCl2(NH3)2

246

42.98

0.897

15.2 (1.07)

Pt(py)2Cl2

131

22.96

0.906

6.34 (0.50)

Pt(en)Cl2

94

16.54

0.985

3.86 (0.12)

Carboplatin

143

25.05

0.848

9.30 (1.11)

Compound

a

1

195

A H decoupling field of ca. 25 kHz was used for all experiments; the Pt transmitter
was centred over the low-frequency (right) edge of the powder pattern. b Refers to the
number of echoes used to calculate T2, not necessarily the total number of echoes acquired
in the experiment. c The R2 value is a measure of the correlation of the experimental data
to the mono-exponential line of best fit, where R2 = 1 signifies perfect correlation.
Table A10. 195Pt T2 values of cisplatin as a function of applied 1H decoupling power.
1

H Decoupling
Field (kHz)

Number of
Echoes

Time Period
(ms)

R2 Value

T2 (ms)

0

25

5.1

0.985

1.45 (0.11)

7

34

6.9

0.977

2.19 (0.18)

14

61

12.3

0.986

2.90 (0.12)

21

170

29.8

0.983

6.78 (0.17)

28

203

35.3

0.983

11.05 (0.31)

33

243

42.5

0.982

18.02 (0.59)

38

244

42.6

0.981

23.4 (0.98)

Table A11. 195Pt T2 values of cisplatin as a function of transmitter frequency.a

a

Transmitter
Frequency
(MHz)

Number of
Echoes

Time Period
(ms)

R2 Value

T2 (ms)

85.5

244

42.6

0.981

23.4 (0.98)

86.26
242
42.5
0.919
A H decoupling field of ca. 38 kHz was used for all experiments.
1
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35.0 (4.47)

Table A12. 14N T2 values as calculated from WURST-QCPMG echo trains. a
Number of
Echoes

Time Period
(ms)

R2 Value

T2 (ms)

cis-PtCl2(NH3)2

355

58.8

0.96

42.34 (2.69)

transPtCl2(NH3)2

355

58.8

0.933

41.96 (3.48)

Compound

Carboplatin
355
58.8
0.981
a
A 1H decoupling field of ca. 38 kHz was used for all experiments.

42.91 (1.89)

Table A13. 14N T2 values of cisplatin as a function of applied 1H decoupling power.
1

H Decoupling
Field (kHz)

Number of
Echoes

Time Period
(ms)

R2 Value

T2 (ms)

0

15

2.6

0.931

0.7 (0.2)

14

79

13.2

0.818

4.0 (0.6)

28

355

58.8

0.926

25.0 (1.4)

38

355

58.8

0.873

36.0 (3.7)

Table A14. 35Cl T2 values of cisplatin as a function of applied 1H decoupling power.
1

H Decoupling
Field (kHz)

Number of
Echoes

Time Period
(ms)

R2 Value

T2 (ms)

0

32

7.6

0.962

2.56 (0.31)

6

40

9.4

0.916

4.62 (1.01)

12

59

13.8

0.921

4.78 (0.60)

17

120

27.8

0.889

7.79 (0.71)

23

241

55.7

0.911

14.61 (0.79)

29

246

56.9

0.879

22.42 (1.87)

35

246

56.9

0.857

21.05 (1.85)
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Figure A1. Co-added 195Pt WURST-CPMG SSNMR spectra of Pt(en)2Cl2 generated using (a) Fourier transformation of
the CPMG echo train in the time domain and (b) co-addition of individual echoes in the time domain followed by Fourier
transformation.
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Figure A2. Two different methods employed to obtain CS parameters from Pt(en)Cl2. (a) Use of two separate Hahn-echo
experiments (i, ii) over diagnostic regions (in this case, edges) of the powder pattern, and (b) co-addition of individual
WURST-CPMG subspectra using stepwise acquisition of the entire powder pattern. Dashed vertical lines indicate spectral widths
from individual Hahn-echo experiments. Experimental times: (a) 62 min, (b) 25 min.
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Figure A3. 195Pt WURST-CPMG SSNMR spectra of cisplatin generated using (a) 11 sub-spectra (8 h 48 min
experimental time), (b) 6 sub-spectra (4 h 48 min), (c) 4 sub-spectra (3 h 12 min), and (d) 2 sub-spectra (1 h
36 min).
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Figure A4. Experimental 195Pt MAS spectrum of transplatin at a speed of 26 kHz (bottom trace), SIMPSON
numerical simulation of experimental pattern (middle trace), and SIMPSON numerical simulation of
experimental spectrum using parameters extracted from static experiments (top trace). SIMPSON simulations
used a pulse of infinite excitation breadth (i.e., assumed all magnetization was along Ix to begin).
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Figure A5. Experimental 195Pt MAS spectrum of transplatin at a speed of 26 kHz (bottom trace),
SIMPSON simulation of experimental pattern with experimentally-employed pulse parameters (1.0 µs
pulse, 250 kHz rf power) and tensor parameters extracted from static experiments (middle trace), and
SIMPSON simulation of experimental spectrum using a 3.0 µs pulse (83.3 kHz rf power) and tensor
parameters extracted from static experiments (top trace).
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Figure A6. Herzfeld-Berger contour plot of 195Pt MAS spectrum of transplatin acquired at a spinning speed of 26
kHz. The black circle indicates the point of intersection of contour lines corresponding to the “best fit” of
experimental CS tensor parameters.
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Figure A7. The isotropic peak (-2174(4) ppm) of transplatin at a spinning speed of 26 kHz, as enlarged from Figure 4. The width
of the peak at half height, as pictured with the black lines, is 1029 Hz as measured.
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Figure A8. (a) Hypothetical 195Pt NMR spectrum where 195Pt is J-coupled to two spin-3/2 inuclei (i.e., 35Cl and 37Cl), not including
any effects of residual dipolar coupling. (b) Hypothetical 195Pt NMR spectrum where 195Pt is J-coupled to two spin-3/2 nuclei (i.e.,
35
Cl and 37Cl), including effects of residual dipolar coupling. The CQ is assumed to be negative for both Cl isotopes., as predicted
from calculations.

Figure A9. A plot of the relative intensity of the 195Pt
WURST-CPMG echo train versus time for cisplatin using
1
H decoupling fields of 0 (black), 7 (red), 14 (green), 21
(blue), 28 (light blue), 33 (purple), and 38 (yellow) kHz.
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Figure A10. A plot of the relative intensity of the 195Pt
WURST-CPMG echo train versus time for cisplatin using a
transmitter frequency set over the low-frequency (red) and
high-frequency (black) edges of the powder pattern.
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Figure A12. A plot of the relative intensity of the 14N
Figure A11. A plot of the relative intensity of the 14N WURSTQCPMG echo train versus time for cisplatin. The exponential fit of WURST-QCPMG echo train versus time for cisplatin using 1H
decoupling fields of 0 (black), 14 (red), 28 (green), and 38 (blue)
the data is shown in red.
kHz.
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Figure A13. The experimental 35Cl SSNMR spectrum of cisplatin at 21.1 T is the blue bottom trace. The red trace is a simulation of
site 1 (CQ = 33.8 Mhz), the black trace is a simulation of site 2 (CQ = 32.8 Mhz), and the green trace is a simulation of site 3 (CQ =
34.6 Mhz). See Table 5 for full EFG tensor parameters.
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Figure A14. A plot of the relative intensity of the 35Cl WURST-QCPMG echo
train versus time for cisplatin using 1H decoupling fields of 0 (black), 6(red), 12
(green), 17 (blue), 23 (light blue), 29 (purple), and 35 (yellow) kHz.
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Figure A15. Local hydrogen bonding about one cisplatin chlorine atom.
H-bond distances range from 2.3 to 2.6 Å.

Appendix B
Solid State NMR of Magnus' Pink and Green Salts
Tables:
IR Frequencies of Pt compounds studied
Elemental analysis of Magnus' Pink Salt
1
H MAS SSNMR chemical shifts and assignments
195
Pt WURST-CPMG NMR experimental parameters
14
N WURST-CPMG NMR experimental parameters
35
Cl WURST-CPMG NMR experimental parameters at 21.1 T
14
N BRAIN-CP/WCPMG NMR experimental parameters
195
Pt Hahn-echo NMR experimental parameters
1
H-195Pt CP-echo NMR experimental parameters
1
H-195Pt BRAIN-CP/WCPMG NMR experimental parameters
195
Pt MAS NMR experimental parameters
1
H MAS NMR experimental parameters
Relevant distances in Pt(NH3)4Cl2•H2O and Magnus' Green Salt
Powder XRD refinement parameters of Magnus' Green Salt
Computed isotropic Pt shielding constant LMO contributions, in ppm
Out-of-plane tensor components of contributions from the
Pt 5d lone-pair NLMOs
In-plane tensor components of contributions from the
Pt 5d lone-pair NLMOs

Table B1
Table B2
Table B3
Table B4
Table B5
Table B6
Table B7
Table B8
Table B9
Table B10
Table B11
Table B12
Table B13
Table B14
Table B15
Table B16
Table B17

Figures:
FT-IR spectra of all compounds
1
H MAS NMR spectra of relevant compounds
Static WURST-CPMG 195Pt NMR spectra of Magnus’ Salts
1
H-195Pt static BRAIN-CP/WCPMG NMR spectra
Histogram 195Pt Hahn-echo spectrum of Pt(NH3)4Cl2•H2O
Simulation of 1H-195Pt CP-echo NMR spectra of Magnus' Pink Salt
Static 1H-195Pt CP-echo NMR spectra of impure Magnus' Pink Salt
195
Pt MAS NMR spectra of Pt(NH3)4Cl2•H2O
195
Pt MAS NMR spectra of Magnus' Green Salt
Nitrogen-chlorine distances in Pt(NH3)4Cl2•H2O and MGS
Static 35Cl WURST-CPMG spectra of impure Magnus' Pink Salt
Lebail fit of Magnus’ Green Salt pXRD data
Lebail fit of Magnus' Pink Salt pXRD data for Pt and Cl positions
Action of magnetic field on the canonical set of d orbitals
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Figure B1
Figure B2
Figure B3
Figure B4
Figure B5
Figure B6
Figure B7
Figure B8
Figure B9
Figure B10
Figure B11
Figure B12
Figure B13
Figure B14

Table B1. IR Frequencies (cm-1) of Pt compounds studied.
Compounda

Experimental

Literatureb

Assignment

3245

3269

v(N-H)

3184

3135

v(N-H)

1633

1650

δ(NH3)

1567

1540

δ(NH3)

1349

1349

δ(NH3)

1328

1329

δ(NH3)

-

1312

δ(NH3)

3270

3274

v(N-H)

3188

3135

v(N-H)

1629

1631

δ(NH3)

1579

1580

δ(NH3)

1544

1547

δ(NH3)

1311

1312

δ(NH3)

Magnus' Pink Salt

Magnus' Green Salt

1304
Pt(NH3)4Cl2•H2O

-

δ(NH3)

3528

-

3254

3259

v(N-H)

3092

3182

v(N-H)

1559

1576

δ(NH3)

1338

-

1321

1327

a

δ(NH3)

K2PtCl4 had no absorptions of interest, aside from background/water, within the
4000 - 1100 cm-1 frequency range. b See reference 30.

Table B2. Elemental analysis of Magnus' Pink Salt.

Experimental
Calculated

%C

%H

%N

0.23(30)

1.96(30)

9.56(30)

0

2.02

9.34
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Table B3. 1H MAS SSNMR chemical shifts and assignments.
Compound

δiso (ppm)

Assignment

4.50(10)

-NH3 amine group

3.25(10)

•H2O water of hydration

Magnus' Green Salt

4.25(10)

-NH3 amine group

Magnus' Pink Salt

4.45(10)

-NH3 amine group

Pt(NH3)4Cl2•H2O

Table B4.

195

Pt WURST-CPMG NMR experimental parameters.

Compound

Echoes Recycle Step
Scans per
Number of
per
Delay
Size Subspectrum Subspectra
Scan
(s)
(kHz) a
Acquired

Exp.
Time b

Pt(NH3)4Cl2•H2O

250

6

400

100

5

50 min

Magnus' Green Salt

250

40

200

80

9

8h

Magnus' Pink Salt c
250
40 c
200
80
8
7 h 15 min
a
Refers to offset frequency of transmitter between adjacent subspectra. The subspectra
were then co-added to obtain the overall spectrum. b The experimental time for K2PtCl4
in our previous work was 2 h 13 min, using a recycle delay of 40 s.47 c This entry refers to
the misshapen spectrum obtained due to very long 195Pt T1 relaxation times (Figure B3).
Table B5.

14

N WURST-CPMG NMR experimental parameters.

Compound

Echoes Recycle
per
Delay
Scan
(s)

Step
Size
(kHz)

Scans per
Number of Exp. Time
Subspectrum Subspectra
Acquired

Pt(NH3)4Cl2•H2O

300

3

400

528

2

53 min

Magnus' Green
Salt

300

8

200

592

4

5 h 16 min

Magnus' Pink Salt 300
8
200
2184
4
24 h 16 min
The low-frequency (right) half of all spectra were acquired using piecewise acquisition
techniques, and the high-frequency (left) half was generated from mirroring this data
about δiso = 0 ppm. See Experimental section.
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Table B6.

35

Cl WURST-CPMG NMR experimental parameters at 21.1 T.

Compound

Echoes Recycle Step
Scans per Number of
per Delay (s) Size Subspectrum Subspectra
Scan
(kHz)
Acquired

Exp. Time

K2PtCl4

120

1

500

128

7

15 min

Pt(NH3)4Cl2•H2O

100

1

-

1024

1

17 min

Magnus' Green
Salt

120

1

500

528

7

1 h 2 min

Magnus' Pink
Salt

100

1

500

2048

6

3 h 25 min

Table B7. 1H-14N BRAIN-CP/WCPMG NMR experimental parameters.
Compound

Scans per Number of Exp. Time
Echoes Recycle Step
per Delay (s) Size Subspectrum Subspectra
Acquired
Scan
(kHz) a

Pt(NH3)4Cl2•H2O

150

1

90

180

10

30 min

Magnus' Green
Salt

150

1

90

210

11

39 min

Magnus' Pink Salt 150
1.5
90
1749
9
6 h 34 min
Refers to offset frequency of transmitter between adjacent subspectra. The subspectra
were then co-added to obtain the overall spectrum. b All experiments used an echo size of
200 points.

a
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Table B8.

195

Pt Hahn-echo NMR experimental parameters.

Compound

Echo
Position a

Recycle Delay
(s)

Number of
Scans

Experimental
Time

Pt(NH3)4Cl2•H2O

L

6

928

1 h 33 min

1488

2 h 29 min

1106

12 h 17 min

1932

21 h 28 min

R
Magnus' Green
Salt

L

40

M

R
2238
24 h 52 min
a
Refers to the position of the transmitter with respect to the overall powder pattern. “L”
indicates the leftmost (high-frequency) edge of the powder pattern corresponding to the
δ11 component of the 195Pt CS tensor, “M” the leftmost edge (δ11) of the individual
[Pt(NH3)4] powder pattern (which falls roughly in the 'middle' of the overall powder
pattern of the salt), and “R” the rightmost edge (δ22/δ33) of the powder patterns.
Table B9. 1H-195Pt CP-echo NMR experimental parameters.
Compound

Echo
Position a

Recycle Delay
(s)

Number of
Scans

Exp. Time

Pt(NH3)4Cl2•H2O

L

1

60064

16 h 41 min

R

1

3180

53 min

R

2

7200

4h

Magnus' Green
Salt

Magnus' Pink
R
2
27500
7 h 39 min
Salt
a
Refers to the position of the transmitter with respect to the overall powder pattern. “L”
indicates the leftmost (high-frequency) edge of the powder pattern, while “R” indicates
the rightmost (low-frequency) edge of the pattern.
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Table B10. 1H-195Pt BRAIN-CP/WCPMG NMR experimental parameters.
Compound

Echoes Recycle Step
Scans per Number of Exp. Time
per Delay (s) Size Subspectrum Subspectra
Scan
(kHz) a
Acquired

Pt(NH3)4Cl2•H2O

75

1

150

504

7

59 min

Magnus' Green
Salt

75

1

200

1200

7

2 h 20 min

Magnus' Pink Salt 150
1
150
3600
9
9h
Refers to offset frequency of transmitter between adjacent subspectra. The subspectra
were then co-added to obtain the overall spectrum. b All experiments used an echo size of
200 points.
a

Table B11.

195

Pt MAS NMR experimental parameters.a

Compound

Spinning
Speed
(kHz)

Recycle
Delay (s)

Number of
Scans

Exp. Time

Pt(NH3)4Cl2•H2O

25

6

4493

7 h 29 min

21.7

6

844

1 h 25 min

25.5

40

1810

20 h 7 min

25.0

40

1524

16 h 56 min

21.7

40

1800

20 h

25.5

90

960

24 h

25.5

8

9084

20 h 11 min

Magnus' Green Salt

Magnus' Pink Salt

a

24.5
90
668
MAS spectra were only collected for Pt(NH3)4Cl2•H2O, MGS, and MPS.

16 h 42 min

Table B12. 1H MAS NMR experimental parameters at a spinning speed of 25 kHz.
Sample

Number of Scans

Pt(NH3)4Cl2•H2O

138

Magnus' Green Salt

300

Magnus' Pink Salt

300
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Table B13. Relevant distances in Pt(NH3)4Cl2•H2O and Magnus' Green Salt.a,b
Compound

Pt-N
(Å)

Nitrogen Site c

NþCl (Å)

Shortest HþCl (Å)

Pt(NH3)4Cl2•H2O

2.071

1

3.213

2.227

3.321
3.545
3.571
2.069

2

3.256

2.232

3.336
3.448
3.597
Magnus' Green Salt c

2.079

1

3.442

2.518

3.442
3.951
3.951
Distances taken from a geometry-optimized version of each crystal structure, see
Calculations/Experimental section . b See Figure B10 for accompanying diagram. c The
symmetry of MGS was constrained, resulting in only one unique nitrogen site, however
1
H-14N BRAIN-CP/WCPMG experiments imply that at least two sites are present.
a

Table B14. Powder X-ray diffraction refinement parameters of Magnus' Green Salt
crystal structure.
Unit Cell Parameter
a

8.9669(3) Å

b

8.9669(3) Å

c

6.4626(5) Å

Cell volume

519.69(3) Å3

χ2

12.39

wRp

8.43 %

Rp

6.16 %
338

Table B15. Computed isotropic Pt shielding constant LMO contributions, in ppm.
NLMO

(L)

(NL)

(L)+(NL)

% NBO

Occup.

[(Pt(NH3)4)3Cl8]2Σ σ(Pt(2)-N)

-664

-44

-708

90

1.8048

Σ σ(Pt(3)-N)

30

26

56

99.7

1.9945

Pt(2) dxy

-3639

-10

-3649

99.2

1.98382

Pt(2) dxz, dyz

-2812

1

-2811

99.5

1.98988

Pt(2) dz2

-207

231

25

98.6

1.97271

Magnus' Green Salt - Pt(NH3)42+
Σ σ(Pt(3)-N)

-386

-197

-583

90.5

1.81329

Σ σ(N-H)

32

81

113

99.7

1.99423

Pt(3) dxy

-4024

8

-4016

99.1

1.98274

Pt(3) dxz, dyz

-3375

15

-3359

99.5

1.9904

110

153

263

98.1

1.9614

Pt(3) dz2

[K8(PtCl4)3]2+ b
Σ σ(Pt(2)-Cl)

-541

-315

-856

89.4

1.791

Pt(2) dxy

-4591

-85

-4676

99.5

1.98986

Pt(2) dxz, dyz

-3134

-16

-3150

99.6

1.99203

Pt(2) dz2

-137

45

-91

99.3

1.9865

Magnus' Green Salt - PtCl42Σ σ(Pt(2)-Cl)

-510

-286

-796

88.9

1.7829

Pt(2) dxy

-5010

-90

-5101

99.6

1.99272

Pt(2) dxz, dyz

-3594

-45

-3639

99.5

1.99055

-75

281

206

98.2

1.96503

Pt(2) dz2
a

Spin-orbit ZORA computations and breakdown in terms of the natural localized molecular orbitals (NLMOs)
obtained from the NBO program of the corresponding scalar relativistic system. See Experimental section.
Shielding breakdown in terms of the strongly localized part of the NLMO (L/Lewis) and its non-localized tail
(NL/Non-Lewis). Separate contributions for the Pt-ligand σ bonds, N-H σ bonds and from the Pt 5d lone-pair
NLMOs for Magnus' Green Salt and reagents. The % of parent NBOs in the NLMOs and overall occupation
of the parent NBO are listed. b X-ray crystal structure, Pt-Cl: 2.309 Å. Optimized geometries used otherwise.
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Table B16. Out-of-plane tensor components of contributions from the Pt 5d lone-pair
NLMOs (in ppm) for Magnus' Green Salt and reagents. a
σz / 3 (ppm)
NLMO

(L)

(NL)

(L) + (NL)

% NBO

Occup.

[(Pt(NH3)4)3Cl8]2Pt(2) dxy

-3590

-11

-3601

99.2

1.98382

Pt(2) dxz, dyz

58

0

58

99.5

1.98988

Pt(2) dz2

-8

0

-8

98.6

1.97271

Magnus' Green Salt - Pt(NH3)42+
Pt(3) dxy

-3965

8

-3958

99.1

1.98274

Pt(3) dxz, dyz

68

0

68

99.5

1.9904

Pt(3) dz2

10

-1

9

98.1

1.9614

[K8(PtCl4)3]2+
Pt(2) dxy
Pt(2) dxz, dyz
Pt(2) dz2

-4613

-84

-4697

99.5

1.98986

117

0

117

99.6

1.99203

9

0

9

99.3

1.9865

Magnus' Green Salt - PtCl42Pt(2) dxy
Pt(2) dxz, dyz
a

-5004

-89

-5093

99.6

1.99272

110

1

112

99.5

1.99055

13

98.2

1.96503

7
6
Pt(2) dz2
See Figure B14 and footnote of Table B15.
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Table B17. In-plane tensor components of contributions from the Pt 5d lone-pair
NLMOs (in ppm) for Magnus' Green Salt and reagents. a
' σ… / 3 (ppm)

NLMO

(L)

(NL)

(L) + (NL)

% NBO

Occup.

[(Pt(NH3)4)3Cl8]2Pt(2) dxy

-49

1

-48

99.2

1.98382

Pt(2) dxz, dyz

-2870

1

-2869

99.5

1.98988

Pt(2) dz2

-199

232

33

98.6

1.97271

Magnus' Green Salt - Pt(NH3)42+
Pt(3) dxy
Pt(3) dxz, dyz
Pt(3) dz2

-58

0

-58

99.1

1.98274

-3442

15

-3427

99.5

1.9904

100

154

254

98.1

1.9614

[K8(PtCl4)3]2+
Pt(2) dxy

22

0

21

99.5

1.98986

Pt(2) dxz, dyz

-3251

-16

-3268

99.6

1.99203

Pt(2) dz2

-146

45

-101

99.3

1.9865

Magnus' Green Salt - PtCl42Pt(2) dxy
Pt(2) dxz, dyz
a

-6

-1

-8

99.6

1.99272

-3704

-47

-3751

99.5

1.99055

193

98.2

1.96503

-82
274
Pt(2) dz2
See Figure B14 and footnote of Table B15.
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Figure B1. FT-IR spectra of compounds. (a) K2PtCl4, (b) Pt(NH3)4Cl2•H2O, (c) Magnus’
Green Salt (MGS), and (d)/(e) Magnus’ Pink Salt (MPS, two separately synthesized batches).
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Figure B2. 1H MAS NMR spectra of (a) Pt(NH3)4Cl2•H2O, (b) MGS, and (c) MPS at a spinning speed of 25
kHz. Asterisks (*) denote spinning sidebands. Inset : enhancement of δiso region.
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Figure B3. Static WURST-CPMG 195Pt NMR spectra of (a) MGS and (b)
MPS using a recycle delay of 40 s. An asterisk (*) denotes radio interference.

345

Figure B4. 1H-195Pt static BRAIN-CP/WCPMG NMR spectra of (a) Pt(NH3)4Cl2•H2O, (b) MGS, and (c) MPS

346

Figure B5. The bottom spectrum consists of a ‘histogram’ of two static cross-polarized 1H-195Pt Hahn-echo NMR
subspectra of Pt(NH3)4Cl2•H2O. The top powder pattern is a simulation of the overall spectrum based on these
experiments.

Figure B6. Static 1H-195Pt CP-echo NMR spectrum of MPS using a contact
time of 3 ms (bottom), along with simulations incorporating the two sites of
MPS as well as reagent and MGS impurities at a relative intensity of (a) 40 %,
(b) 30 %, (c) 20 %, and (d) 10 %.
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Figure B7. Static 1H-195Pt CP-echo NMR spectra of MPS using (a) 3 ms
contact time and (b) 15 ms contact time. Red trace indicates an impure
sample, blue denotes the mostly pure sample used for all other MPS spectra.

349

Figure B8. 195Pt MAS NMR spectra of Pt(NH3)4Cl2•H2O at a spinning speed of (a) 21.7 kHz and (b) 25.0 kHz.
The red dashed line denotes δiso.

350

Figure B9. 195Pt MAS NMR spectra of MGS at a spinning speed of (a) 21.7 kHz, (b) 25.0 kHz, and (c)
25.5 kHz. The red dashed line denotes δδiso.

351

Figure B10. Nitrogen-chlorine proximity in (a) Pt(NH3)4Cl2•H2O and (b) MGS. Thick red dashed lines indicate
distances < 4 Å. Hydrogen atoms are omitted for clarity.

352

Figure B11. Static WURST-CPMG 35Cl NMR spectra and accompanying simulations
of MPS at 21.1 T, where (a) is a sample of MPS contaminated with MGS, K2PtCl4, and
Pt(NH3)4Cl2 impurities, and (b) is the much purer sample of MPS used throughout this
study. Note that impurities in (a) manifest themselves as an additional powder pattern
due to K2PtCl4/MGS as well as a sharp, intense central resonance due to Pt(NH3)4Cl2.
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Figure B12. Rietveld profile for MGS using the parameters described in Table B11.

354

Figure B13. Lebail fit of MPS, attempting to account for Cl atoms in addition to Pt atoms. No appreciable
improvement in fit was observed.

Figure B14. Action of magnetic field on the canonical
set of d orbitals. A factor of -iS/2c is excluded from the
field rotated orbitals.
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Appendix C
Applications of 195Pt SSNMR
Tables:
Elemental analysis of synthesized compounds
Pt WURST-CPMG NMR experimental parameters
195
Pt Hahn-echo NMR experimental parameters
195
Pt MAS NMR experimental parameters
195

Table C1
Table C2
Table C3
Table C4

Figures:
Preliminary pXRD results of Pt(bpy)CN2.
Static 195Pt NMR spectra of K2PtCN4•xH2O
Static 195Pt NMR spectrum and simulations of Pt(CN)2•xH2O
195
Pt MAS NMR spectra of Pt(bpy)CN2 and Pt(bpy)CN2•xH2O
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Figure C1
Figure C2
Figure C3
Figure C4

Table C1. Elemental analysis of synthesized compounds.
%C

%H

%N

9.77(30)

0.16(30)

11.24(30)

9.1

0.8

10.6

33.34(30)

2.52(30)

13.9(3)

35.7

2.0

13.9

Pt(CN)2•xH2O
Experimental
Theoretical
Pt(bpy)CN2•H2O
Experimental
Theoretical

Table C2.

195

Pt WURST-CPMG NMR experimental parameters.

Compound

Echo
Size

Echoes per Recycle
Scan
Delay (s)

Number of
Scans

Exp. Time

K2PtCN4•xH2O

200

250

90

400

10 h

Pt(CN)2•xH2O

200

75

90

892

22 h 18 min

Pt(bpy)CN2 (Red)

400

50

90

830

20 h 45 min

Pt(bpy)CN2•H2O (Yellow)

400

50

70

1232

23 h 45 min

Table C3.

195

Pt Hahn-echo NMR experimental parameters.

Compound
K2PtCN4•xH2O

Recycle Delay (s)

Number of Scans

Experimental Time

30

7600

63 h 19 min
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Table C4.

195

Pt MAS NMR experimental parameters.a

Compound
K2PtCN4•xH2O

Pt(bpy)CN2 (Red)

Pt(bpy)CN2•H2O
(Yellow)
a

Spinning Speed
(kHz)

Recycle
Delay (s)

Number of
Scans

Exp. Time

25.0

30

2068

17 h 14 min

21.5

30

828

6 h 54 min

25.0

70

972

18 h 54 min

21.7

70

972

18 h 54 min

25.0

70

908

17 h 39 min

908

17 h 39 min

21.7
70
MAS spectra could not be acquired for Pt(CN)2•xH2O.
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Figure C1. Preliminary pXRD results of Pt(bpy)CN2, used to check the identity of the crude product.

Figure C2. Static 195Pt NMR spectra of K2Pt(CN)4•xH2O. The top trace (a) is a
simulated, ideal powder pattern, the middle trace (b) is a Hahn-echo experiment
centered on the powder pattern, and (c) is a WURST-CPMG experiment centered on
the powder pattern. Note the lack of central spectral intensity for (b) and (c).
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Figure C3. Static 195Pt NMR spectrum and simulations of Pt(CN)2•xH2O. The red
trace uses a 1:1 ratio between Pt species, the black trace uses a 2:1 ratio.
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Figure C4. 195Pt MAS NMR spectra of: (a) Pt(bpy)CN2, and (b) Pt(bpy)CN2•H2O. Red
spectra were acquired at a spinning speed of 25 kHz, blue spectra at a spinning speed of
21.7 kHz. Isotropic chemical shifts are marked with an asterisk (*).

Appendix D
Multinuclear Solid-State NMR of (H3O)Y3F10 • xH2O Nanoparticles
Tables:
1

H MAS NMR experimental parameters
F MAS NMR experimental parameters
19 89
F- Y VACP NMR experimental parameters
Integration of 1H MAS NMR spectra of 67 nm (H3O)Y3F10 • xH2O
nanoparticles
Integrated areas in 19F-89Y VACP/MAS NMR spectra of
(H3O)Y3F10 • xH2O NPs
19

Table D1
Table D2
Table D3
Table D4
Table D5

Figures:
1

H MAS of 2.5 mm rotor background signal
H MAS NMR spectra of 67 nm (H3O)Y3F10 • xH2O nanoparticles
with varying recycle delays
1
H MAS NMR spectrum of hydrated 67 nm
(H3O)Y3F10 • xH2O nanoparticles
1
H MAS NMR spectrum of partially dehydrated
67 nm (H3O)Y3F10 • xH2O nanoparticles
1
H-13C VACP/MAS spectrum of hydrated 132 nm (H3O)Y3F10 • xH2O
nanoparticles
19
F MAS NMR spectra for 67 nm (H3O)Y3F10 • xH2O nanoparticles
immediately post-oven, using various pulse delays
19 89
F- Y VACP/MAS NMR spectra of hydrated 37 nm (H3O)Y3F10 • xH2O
nanoparticles utilizing various cross-polarization mixing times
TEM images of the 83 nm nanoparticles studied
via 19F-89Y VACP experiments

Figure D1

1
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Figure D2
Figure D3
Figure D4
Figure D5
Figure D6
Figure D7
Figure D8

Table D1. 1H MAS NMR of fully and partially hydrated 67 nm (H3O)Y3F10 • xH2O
nanoparticles: experimental parameters at a spinning speed of 25 kHz.
Sample

Number of Scans

Experimental Time

Fully hydrated (x = 1)

320

27 min

Partially hydrated (x < 1)

244

21 min

Table D2. 19F MAS NMR of hydrated (H3O)Y3F10 • xH2O nanoparticles: experimental
parameters at a spinning speed of 25 kHz.
Nanoparticle Size (nm)

Number of Scans

Experimental Time

21

496

42 min

37

2640

3 h 40 min

49

1792

2 h 30 min

67

1056

1 h 28 min

132

5456

7 h 35 min

Bulk

2640

3 h 40 min
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Table D3. 19F-89Y VACP NMR of hydrated (H3O)Y3F10 • xH2O nanoparticles:
experimental parameters.
Nanoparticle Size
(nm)

Spinning
Speed (kHz)

Number
of Scans

Contact Time
(ms)

Experimental
Time

21

5

23528

11

32 h 40 min

0 (static)

16372

11

22 h 44 min

5

20980

9

29 h 8 min

0

11836

9

16 h 26 min

5

13564

6

18 h 50 min

0

13380

8

18 h 35 min

5

6120

7

8 h 30 min

0

1844

7

2 h 34 min

5

6120

5

8 h 30 min

0

588

5

49 min

5

6120

11

8 h 30 min

0

20956

11

29 h 6 min

83

5

2904

7

4 h 1 min

(Fully hydrated)

0

13416

7

18 h 38 min

83

5

2619

7

3 h 39 min

(Partially hydrated)

0

23744

7

32 h 58 min

37

49

67

132

Bulk
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Table D4. Integration via line fitting of 1H MAS NMR spectra of 67 nm (H3O)Y3F10 •
xH2O nanoparticles at a spinning speed of 25 kHz.
Identification

δiso (ppm)

Relative Area

Width (Hz)

Hydrated Sample
H3O+

6.94(8)

10.0

1025(100)

H2O

4.68(8)

14.2

975(100)

Igepal/AOT

1.37(4)

4.6

80(10)

Igepal/AOT

0.97(4)

1.0

95(10)

Monomeric H2O

0.12(4)

6.9

75(10)

Partially Hydrated Sample
H3O+

6.80(8)

10.0

1025(100)b

H2O

4.29(8)

7.45

975(100)b

Igepal/AOT

1.37(4)

2.6

95(10)

Igepal/AOT

0.96(4)

1.5

220(20)

0.12(4)
2.0
140(20)
Monomeric H2O
+
H3O resonance was selected to be 10.0 in both samples since previous
thermogravimetric analyses have indicated this moiety should be unaffected by the
temperature (125EC) used to drive off zeolithic H2O. b Peak width fixed in iterative fitting
of partially hydrated sample, as the less intense resonances lead to interative fitting of
lines with artificially wide breadths.
a
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Table D5. Relative integrated areas (including spinning sidebands) of resonances in 19F89
Y VACP/MAS NMR spectra of (H3O)Y3F10 • xH2O nanoparticles. a See Figure 13.
Nanoparticle Size
(nm)

δiso (ppm)

Relative
Integrated Area

83 a

-23(3)

0.65

Fully hydrated

-54(2)

10.00

83 a

-27(7)

3.02d

Peak Integration Ratio b
Experimental

Octahedron c

0.065

0.089

0.302

0.089

Partially hydrated
-51(4)
10.00
The 83 nm samples were synthesized at a separate point in time, using an identical
procedure as all other NPs. See Experimental section. b Refers to the ratio of the area of
the “surface-like” 89Y resonance at ca. -23 to -28 ppm versus that of “core-like” 89Y at ca.
-54 ppm. c Refers to the ratio of surface area to total volume of an ideal octahedron of
specified NP edge length, using the formulae A = 2(%3)x2 and V = 1/3(%2)x3 . d This
observation is misleading; the change in area versus the fully hydrated sample may be due
to a dependence of δiso on the presence of H2O, or possible T2 relaxation effects.
a
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Figure D1. 1H MAS spectra (300 acquisitions) of the small experimental
background signal: partially empty zirconia rotor containing teflon tape.
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Figure D2. 1H MAS spectra of partially dehydrated 67 nm (H3O)Y3F10 • xH2O nanoparticles at a spinning speed of
25 kHz. Blue trace corresponds to pulse delay of 0.5 s, black trace corresponds to pulse delay of 1 s, green trace
corresponds to pulse delay of 5 s.
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Figure D3. 1H MAS spectrum of hydrated 67 nm (H3O)Y3F10 • xH2O nanoparticles at a spinning speed of 25
kHz. Green trace underneath spectrum shows the deconvolution of individual lineshapes. The red trace shows
the resonance associated with zeolithic water molecules.
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Figure D4. 1H MAS spectrum of partially dehydrated 67 nm (H3O)Y3F10 • xH2O nanoparticles at a spinning
speed of 25 kHz. Green trace underneath spectrum shows the deconvolution of individual lineshapes. The
red trace shows the resonance associated with zeolithic water molecules.
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Figure D5. 1H-13C VACP/MAS spectrum of hydrated 132 nm diameter (H3O)Y3F10 • xH2O nanoparticles at a spinning speed of
9.5 kHz, using a contact time of 3 ms. Total experimental time is ca. 2.5 hrs.

Figure D6. 19F MAS NMR spectra for 67 nm (H3O)Y3F10 • xH2O
nanoparticles immediately post-oven employing a 19F recycle delay of
(a) 15 s, (b) 10 s, and (c) 5 s. Spectra were recorded with an equal
number of acquisitions at a spinning speed of 25 kHz. Peak labels
indicate resonance assignment and integration ratios (including
spinning sidebands). An asterisk (*) denotes spinning sidebands.
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Figure D7. 19F-89Y VACP/MAS NMR spectra (4080 acquisitions) of hydrated 37 nm (H3O)Y3F10 • xH2O
nanoparticleswith cross- polarization mixing times of (a) 18 ms, (b) 10 ms, and (c) 5 ms. All integrations are
approximately equal.

Figure D8. TEM images of the 83 nm nanoparticles studied via 19F-89Y VACP
experiments.
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Appendix E
Solid-State 65Cu and 31P NMR Spectroscopy of Bis(triphenylphosphine) Copper Species
Tables:
65

Cu static QCPMG NMR experimental parameters
P CP/MAS NMR experimental parameters
List of 65Cu static QCPMG NMR experimental parameters with metrical data
Comparison of 65Cu static QCPMG and WURST-QCPMG experimental times
Additional experimental 65Cu QCPMG NMR data
31

Table E1
Table E2
Table E3
Table E4
Table E5

Figures:
Effect of changing ηQ on spectral breadth
Comparison of T2 via echo trains in the QCPMG pulse sequence
Static 65Cu WURST-QCPMG NMR spectrum of [(PPh3)2CuO2CH]
Orientation of dipolar vector with respect to EFG tensor of [(PPh3)2CuO2NO]
Calculated CS tensor orientation of [(PPh3)2CuO2CH]
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Figure E1
Figure E2
Figure E3
Figure E4
Figure E5

2.75
1.10
2.75
1.10
1.10
1.55
2.75

[(PPh3)2CuO2CCH2F]

[(PPh3)2CuO2CCHF2]

[(PPh3)2CuO2CCF3]

[(PPh3)2CuO2N]

[(PPh3)2CuO2NO]

[(PPh3)2CuO2CH]

[(PPh3)2CuO2CPh]

101

204

204

101

204

101

50

50

20

20

20

20

20

20

20

20

τ
(µs)

0.15

0.20

0.20

0.15

0.15

0.15

0.30

0.30

1000

1000

1000

1000

1000

1000

1000

1000

100

75

125

100

100

100

100

100

8000

4000

4000

8000

8000

8000

4000

4000

Scans per
Recycle Delay Spectral Width Step Size
(s)
(kHz)
(kHz)a Subspectrum

29

41

31

29

49

41

36

38

Number of
Subspectra
Acquired

a
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7.00
204
20
0.20
1000
125
4000
24
[(PPh3)2CuBH4]
Refers to offset frequency of transmitter between adjacent subspectra. The subspectra were then co-added to obtain the overall
spectrum.

2.75

π/2 65Cu
Pulse Width MG
(µs)
Loops

Cu static QCPMG NMR experimental parameters.

65

[(PPh3)2CuO2CCH3]

Table E1.

a

23.0
24.0
21.0
18.0
8.0
8.0
8.0

[(PPh3)2CuO2CCH2F]

[(PPh3)2CuO2CCHF2]

[(PPh3)2CuO2CCF3]

[(PPh3)2CuO2N]

[(PPh3)2CuO2NO]

[(PPh3)2CuO2CH]

[(PPh3)2CuO2CPh]

6.00

6.00

6.00

2.00

2.00

2.00

2.00

6.00

42.0

42.0

42.0

123.0

123.0

123.0

123.0

42.0

2.00

2.00

2.00

3.00

3.00

3.00

2.00

2.00

Contact Time
(ms)
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[(PPh3)2CuBH4]
8.0
6.00
44.6
2.00
All spectra were acquired at a spectral frequency of 161.8133 MHz and spectral width of 50 kHz.

8.0

1
Spinning Speed π/2 1H Pulse Width
H CP
(kHz)
(µs)
Power (kHz)

P CP/MAS NMR experimental parameters.a

31

[(PPh3)2CuO2CCH3]

Table E2.

5.00

5.00

5.00

5.00

5.00

5.00

5.00

5.00

5.00

Recycle Delay
(s)

200

100

11752

200

10720

264

424

1064

13988

Number of
Scans

40.8(2)
45.8(3)
49.6(3)
51.7(3)
40.6(2)
41.7(2)
41.2(1)
40.3(2)
44.3(1)

[(PPh3)2CuO2CCH3]

[(PPh3)2CuO2CCH2F]

[(PPh3)2CuO2CCHF2]

[(PPh3)2CuO2CCF3]

[(PPh3)2CuO2N]

[(PPh3)2CuO2NO]

[(PPh3)2CuO2CH]

[(PPh3)2CuO2CPh]

[(PPh3)2CuBH4]

CQ (65Cu)
(MHz)

0.07(1)

0.29(1)

0.35(1)

0.70(1)

0.33(1)

0.44(1)

0.41(1)

0.40(2)

0.34(1)

ηQ

2.278

2.228

2.248

2.249

2.243

2.228

2.219

2.222

2.224

r(Cu-P)1
(Å)

379

2.278

2.238

2.248

2.249

2.243

2.235

2.234

2.232

2.232

r(Cu-P)2
(Å)

2.278

2.233

2.248

2.249

2.243

2.232

2.227

2.227

2.228

Average
r(Cu-P) (Å)

122.99

126.78

128.31

130.87

127.76

136.68

135.77

135.05

133.29

p(P-Cu-P)
(o )

Table E3. List of 65Cu static QCPMG NMR experimental parameters with metrical data.

2.252

2.226

2.197

2.190

2.546

2.465

2.364

2.227

r(Cu-O)1
(Å)

2.159

2.226

2.197

2.19

2.113

2.117

2.114

2.167

r(Cu-O)2
(Å)

2.511

2.522

2.594

2.577

2.541

2.505

r(Cu-C)
(Å)

0.30

0.10

W
Q

0.30

0.10

W
Q

0.15

0.10

W
Q

0.20

0.10

W
Q

0.15

Recycle Delay
(s)

Q

Methoda

100

500

100

500

100

500

75

520

100

Step Size
(kHz)b

4000

4000

4000

8000

8000

4000

4000

24000

8000

Scans per
Subspectrum

36

9

38

9

29

8

41

8

29

50

10

50

10

50

10

25

16

50

12.0

1.0

12.7

2.0

9.7

0.9

9.1

5.3

9.7

Spikelet Experimental
Separation
Time
(kHz)
(hours)c

a

380

W
0.10
480
24000
10
16
6.7
b
Where Q denotes standard QCPMG pulse sequence, and WQ denotes WURST-QCPMG. Refers to offset frequency of transmitter
between adjacent subspectra. The subspectra were then co-added to obtain the overall spectrum. c Not including time spent re-tuning
the probe between subspectra.

[(PPh3)2CuO2CCH2F]

[(PPh3)2CuO2CCH3]

[(PPh3)2CuO2CPh]

[(PPh3)2CuO2CH]

[(PPh3)2CuO2N]

Compound

Number of
Subspectra
Acquired

Table E4. Comparison of 65Cu static QCPMG and WURST-QCPMG experimental times.

Q
Q
Q
Q

[(PPh3)2CuO2CCH2F]

[(PPh3)2CuO2N]

[(PPh3)2CuO2CH]

[(PPh3)2CuO2CPh]

300(150)

310(75)

250(150)

300(150)

340(70)

δiso
(ppm)b

b

39.6(5)

41.2(2)

40.3(4)

44.9(4)

40.3(4)

|CQ(65Cu)|
(MHz)c

40.13(1)

41.16(1)

40.63(1)

45.75(1)

40.64(1)

NQR |CQ(65Cu)|
(MHz)d

0.29(2)

0.35(1)

0.33(2)

0.40(3)

0.34(2)

ηQ e

1000(300)

1000(100)

1000(200)

1050(175)

1125(175)

Ω
(ppm)f

c

-0.20(40)

-0.15(30)

0.00(25)

-0.15(45)

-0.20(35)

κg

90(30)

90(30)

90(25)

90(25)

90(25)

α
(deg)h

90(15)

90(15)

90(10)

90(20)

90(12)

β
(deg)h

0(10)

0(5)

0(15)

0(15)

0(8)

γ
(deg)h
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Q denotes standard QCPMG pulse sequence. Isotropic chemical shift: δiso = (δ11 + δ22 + δ33)/3. Quadrupolar coupling constant:
CQ = eQV33/h, where the principal components of the EFG tensor are defined as |V33| $ |V22| $|V11|. d The value of CQ is calculated from
νNQR using the relation CQ = νNQR/(1 + η2/3)1/2/(S + 1/2). The value of ηQ extracted from experimental NMR spectra is employed in
this conversion. e Asymmetry parameter: ηQ = (V11 - V22)/V33. f Span: Ω = δ11 - δ33. g Skew: κ = 3(δ22 - δiso)/Ω. h See references 74 and
75 for Euler angle definitions.

a

Q

Methoda

[(PPh3)2CuO2CCH3]

Compound

Table E5. Additional experimental 65Cu QCPMG NMR data.

Figure E1. Effect of changing ηQ on spectral breadth (fixed CQ of 41.0 Mhz, frequency of 113.856 Mhz,
15 kHz of line broadening)
382
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Figure E2. Comparison of T2 via echo trains in the QCPMG pulse sequence. From top to bottom, in the form of
[(PPh3)2CuX]: (a) O2CCF3, (b) O2CCHF2, (c) O2CCH2F, (d) O2CCH3, (e) O2CPh, f) O2CH, (g) O2NO, (h) O2N,
(i)BH4.
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Figure E3. Static 65Cu WURST-QCPMG NMR spectrum (bottom trace), QCPMG (middle trace), and simulation (top trace) of
[(PPh3)2CuO2CH].

Figure E4. (a) For each of the Cu-P vectors, β = 90E and α is half of the P-Cu-P
angle, thus α ranges from 60 to 70E. (b) An alternate view of one of the dipolar
vectors in the EFG tensor frame. Note that α values of +60 and -60E yield the
same results in simulations.

Figure E5. Calculated MS tensor orientation of [(PPh3)2CuO2CH] using the RHF
method and 6-311G** basis set. σ11 is oriented perpendicular to the page. Phenyl
protons omitted for clarity.
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